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'ĞŶĞƌĂů/ŶƚƌŽĚƵĐƟŽŶ
1
8Chapter 1
The kidney in health and disease
The kidneys are important organs in the body and are located against the back muscles 
ŽŶďŽƚŚƐŝĚĞŽĨƚŚĞƐƉŝŶĞ;ϭͿ͘dŚĞƉƌŝŵĂƌǇĨƵŶĐƟŽŶŽĨƚŚĞŬŝĚŶĞǇŝƐƚŽƌĞŐƵůĂƚĞƚŚĞǁĂƚĞƌ
and electrolyte balance and removal of metabolic waste products. Disturbances in blood 
ǀŽůƵŵĞ Žƌ ĞůĞĐƚƌŽůǇƚĞƐ ĐĂŶ ůĞĂĚ ƚŽ ƐĞƌŝŽƵƐŵĞĚŝĐĂů ƉƌŽďůĞŵƐ͘ KƚŚĞƌŵĂũŽƌ ĨƵŶĐƟŽŶƐ
ŽĨ ƚŚĞŬŝĚŶĞǇ ŝŶĐůƵĚĞ ƚŚĞƉƌŽĚƵĐƟŽŶŽĨŚŽƌŵŽŶĞƐ͕ ƐƵĐŚĂƐ ƌĞŶŝŶĂŶĚĞƌǇƚŚƌŽƉŽŝĞƟŶ͕
ĂŶĚ ƚŚĞĐŽŶǀĞƌƐŝŽŶŽĨ ǀŝƚĂŵŝŶ ŝŶƚŽ ŝƚƐĂĐƟǀĞ ĨŽƌŵ ;ϭͿ͘ ĂĐŚŚƵŵĂŶŬŝĚŶĞǇĐŽŶƐŝƐƚƐ
ŽĨ ĂƌŽƵŶĚ ϭŵŝůůŝŽŶ ŶĞƉŚƌŽŶƐ͕ ƚŚĞ ďĂƐŝĐ ƐƚƌƵĐƚƵƌĂů ĂŶĚ ĨƵŶĐƟŽŶĂů ƵŶŝƚ ŽĨ ƚŚĞ ŬŝĚŶĞǇ͘
&ŽƌŵĂƟŽŶŽĨƵƌŝŶĞŝƐĂĐŽŵƉůĞǆƉƌŽĐĞƐƐ͕ǁŚĞƌĞďůŽŽĚŝƐĮƌƐƚĮůƚƌĂƚĞĚŝŶƚŚĞŐůŽŵĞƌƵůƵƐ͘
The tubular system starts with the proximal tubule, where most of the water and solutes 
ĂƌĞďĞŝŶŐƌĞĂďƐŽƌďĞĚ;&ŝŐƵƌĞϭͿ͘/ŶƚŚĞůŽŽƉŽĨ,ĞŶůĞ͕ŵĂŝŶůǇǁĂƚĞƌĂŶĚƐŽĚŝƵŵĐŚůŽƌŝĚĞ
ĂƌĞ ƌĞĂďƐŽƌďĞĚ͘ dŚĞĚŝƐƚĂů ĐŽŶǀŽůƵƚĞĚ ƚƵďƵůĞ ;dͿ ĂŶĚ ĐŽŶŶĞĐƟŶŐ ƚƵďƵůĞ ;EdͿ ĂƌĞ
ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ƌĞĂďƐŽƌƉƟŽŶ ŽĨ ĚŝīĞƌĞŶƚ ĞůĞĐƚƌŽůǇƚĞƐ͕ ŵĂŝŶůǇ ƵŶĚĞƌ ƚŚĞ ĐŽŶƚƌŽů ŽĨ
ŚŽƌŵŽŶĞƐ͘>ĂƐƚůǇ͕ ƚŚĞĐŽůůĞĐƟŶŐĚƵĐƚĂƐƐƵƌĞƐĮŶĞͲƚƵŶŝŶŐŽĨǁĂƚĞƌĞǆĐƌĞƟŽŶ;ϭͿ͘
dŚĞĨƵŶĐƟŽŶŽĨƚŚĞŬŝĚŶĞǇŝƐŵĞĂƐƵƌĞĚďǇƚŚĞŐůŽŵĞƌƵůĂƌĮůƚƌĂƟŽŶƌĂƚĞ;'&ZͿdŚĞ'&Z
ĚĞƐĐƌŝďĞƐƚŚĞŇŽǁƌĂƚĞŽĨĮůƚĞƌĞĚŇƵŝĚƚŚƌŽƵŐŚƚŚĞŬŝĚŶĞǇĂŶĚŝƐŽŌĞŶĞƐƟŵĂƚĞĚǀŝĂƚŚĞ
ĐƌĞĂƟŶŝŶĞĐůĞĂƌĂŶĐĞĨƌŽŵƚŚĞďůŽŽĚ;ϮͿ͘ůĂƌŐĞǀĂƌŝĞƚǇŽĨĐŽŶĚŝƟŽŶƐĐĂŶŝŶƟŵĞůĞĂĚ
ƚŽƌĞŶĂůĚŝƐĞĂƐĞǁŚŝĐŚŝƐƌĞŇĞĐƚĞĚďǇĂ'&ZůŽǁĞƌƚŚĂŶϲϬŵůͬŵŝŶƉĞƌϭ͘ϳϯŵ2 or the 
occurrence of more than 30 mg albumin per day in the urine (2). The term chronic kidney 
ĚŝƐĞĂƐĞ;<ͿŝƐƵƐĞĚǁŚĞŶŬŝĚŶĞǇĨƵŶĐƟŽŶŝƐƌĞĚƵĐĞĚĨŽƌŵŽƌĞƚŚĂŶƚŚƌĞĞŵŽŶƚŚƐ;ϮͿ͘<
ŝƐĚŝǀŝĚĞĚŝŶĚŝīĞƌĞŶƚƐƚĂŐĞƐĐůĂƐƐŝĮĞĚďǇ'&Z;ƐƚĂŐĞϭͲϱ͕ǁŝƚŚϭďĞŝŶŐŶŽƌŵĂůͬŵŝŶŝŵĂůůǇ
ƌĞĚƵĐĞĚŬŝĚŶĞǇĨƵŶĐƟŽŶĂŶĚϱďĞŝŶŐƐĞǀĞƌĞůǇƌĞĚƵĐĞĚͿĂŶĚĂůďƵŵŝŶƵƌŝĂ;ϭͲϯ͕ϭŝƐ
ŶŽƌŵĂůƚŽŵŝůĚůǇ ŝŶĐƌĞĂƐĞĚĂŶĚϯŝƐƐĞǀĞƌĞůǇ ŝŶĐƌĞĂƐĞĚͿ;ϮͿ͘ WĂƟĞŶƚƐǁŝƚŚĞŶĚƐƚĂŐĞ
ƌĞŶĂůĚŝƐĞĂƐĞ;^ZͿĂƌĞƉƌĞĨĞƌĂďůǇƚƌĞĂƚĞĚďǇŬŝĚŶĞǇƚƌĂŶƐƉůĂŶƚĂƟŽŶ͕ďƵƚƵŶĨŽƌƚƵŶĂƚĞůǇ
&ŝŐƵƌĞϭͮ^ĐŚĞŵĂƟĐŽǀĞƌǀŝĞǁŽĨƚŚĞŶĞƉŚƌŽŶ͘ůŽŽĚŝƐĮůƚƌĂƚĞĚŝŶƚŚĞŐůŽŵĞƌƵůƵƐĂŶĚƐƵďƐĞƋƵĞŶƚůǇĞŶƚĞƌƐ
ƚŚĞƉƌŽǆŝŵĂůƚƵďƵůĞ͕ůŽŽƉŽĨ,ĞŶůĞ͕ĚŝƐƚĂůĐŽŶǀŽůƵƚĞĚƚƵďƵůĞ͕ĐŽŶŶĞĐƟŶŐƚƵďƵůĞĂŶĚĮŶĂůůǇƚŚĞĐŽůůĞĐƟŶŐĚƵĐƚ͘
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ƚŚĞƌĞŝƐĂůĂƌŐĞƐŚŽƌƚĂŐĞŽĨĚŽŶŽƌŬŝĚŶĞǇƐ;ϯͿ͘ŽŶƐĞƋƵĞŶƚůǇ͕ ƚŚĞƐĞƉĂƟĞŶƚƐ͕ůŝŬĞƉĂƟĞŶƚƐ
ƚŚĂƚĂƌĞŶŽƚĐĂŶĚŝĚĂƚĞƐĨŽƌƚƌĂŶƐƉůĂŶƚĂƟŽŶĚƵĞƚŽƐĞǀĞƌĞĐŽŵŽƌďŝĚĐŽŶĚŝƟŽŶƐ͕ĚĞƉĞŶĚ
ŽŶĚŝĂůǇƐŝƐƚŽĂƌƟĮĐŝĂůůǇĮůƚƌĂƚĞƚŚĞďůŽŽĚƚŽƌĞŵŽǀĞǁĂƐƚĞƉƌŽĚƵĐƚƐĂŶĚĞǆĐĞƐƐǁĂƚĞƌ͘ 
,ŽǁĞǀĞƌ͕ ĚŝĂůǇƐŝƐĐĂŶŶŽƚƌĞƉůĂĐĞĂůůƚŚĞƉŚǇƐŝŽůŽŐŝĐĂůĨƵŶĐƟŽŶƐŽĨƚŚĞŬŝĚŶĞǇ;ϰͿ͘
dŚĞƉƌĞǀĂůĞŶĐĞŽĨ<ǁŽƌůĚǁŝĚĞŝƐϴͲϭϲй;ϱͿ͕ĂŶĚďĂƐĞĚŽŶƚŚĞϮϬϭϬ'ůŽďĂůƵƌĚĞŶŽĨ
Disease study, CKD is ranked 18th in the list of causes of total number of global deaths (6). 
dŚĞůĞĂĚŝŶŐĐĂƵƐĞƐŽĨ<ĂƌĞĚŝĂďĞƚĞƐĂŶĚŚǇƉĞƌƚĞŶƐŝŽŶĂŶĚĂŵŽŶŐƚŚĞĐŽŵƉůŝĐĂƟŽŶƐ
are acute kidney injury, mineral and bone disorders, and cardiovascular mortality (5). 
dŚĞƌŝƐŬŽĨĐĂƌĚŝŽǀĂƐĐƵůĂƌŵŽƌƚĂůŝƚǇŝƐƚǁŝĐĞĂŶĚƚŚƌŝĐĞĂƐŚŝŐŚŝŶƉĂƟĞŶƚƐǁŝƚŚƐƚĂŐĞϯ
ĂŶĚϰ<ƌĞƐƉĞĐƟǀĞůǇ͕ ĐŽŵƉĂƌĞĚƚŽŝŶĚŝǀŝĚƵĂůƐǁŝƚŚŶŽƌŵĂůŬŝĚŶĞǇĨƵŶĐƟŽŶ;ϳͿ͘/ŶƚƵƌŶ͕
cardiovascular disease itself is also a risk factor for developing CKD (8). Two important 
ƉůĂǇĞƌƐ ŝŶ ƚŚĞ ĂƐƐŽĐŝĂƟŽŶ ŽĨ < ĂŶĚ ĐĂƌĚŝŽǀĂƐĐƵůĂƌ ĚŝƐĞĂƐĞ ĂƌĞ ƉŚŽƐƉŚĂƚĞ ;Wi) and 
calcium (Ca2+Ϳ͘ ǇƐƌĞŐƵůĂƟŽŶ ŽĨ ƚŚĞƐĞ ĞůĞĐƚƌŽůǇƚĞƐ ĐĂŶ ĐĂƵƐĞ ǀĂƐĐƵůĂƌ ĐĂůĐŝĮĐĂƟŽŶƐ͕
ǁŚŝĐŚ ĞŶĐŽŵƉĂƐƐĞƐ ƚŚĞ ĐĞůůƵůĂƌ ƚƌĂŶƐĨŽƌŵĂƟŽŶ ŽĨ ǀĂƐĐƵůĂƌ ƐŵŽŽƚŚŵƵƐĐůĞ ĐĞůůƐ ŝŶƚŽ
ŽƐƚĞŽďůĂƐƚͲůŝŬĞ ĐĞůůƐ͕ ĐĂƵƐŝŶŐ ĂƌƚĞƌŝĂů ƐƟīŶĞƐƐ ;ϵͿ͘ ,ǇƉĞƌƉŚŽƐƉŚĂƚĞŵŝĂ ĂŶĚ ĚŝƐƚƵƌďĞĚ
Ca2+ͲŚŽŵĞŽƐƚĂƐŝƐ͕ŝŶĂĚĚŝƟŽŶƚŽĚŝĞƚĂƌǇŝŶƚĂŬĞĂŶĚƚŚĞƵƐĞŽĨĂ2+-containing Pi binders, 
ŝŶĐƌĞĂƐĞƚŚĞƐĞǀĞƌŝƚǇŽĨǀĂƐĐƵůĂƌĐĂůĐŝĮĐĂƟŽŶ;ϭϬ͕ϭϭͿ͘DŽƌĞŽǀĞƌ͕ ĞůĞǀĂƚĞĚƐĞƌƵŵWi levels 
have been correlated with increased mortality risk in CKD (12,13). To decrease the 
ĐŚĂŶĐĞƐŽĨĚĞǀĞůŽƉŝŶŐǀĂƐĐƵůĂƌĐĂůĐŝĮĐĂƟŽŶƐ͕ďŽƚŚŵŝŶĞƌĂůƐŶĞĞĚƚŽďĞƌĞŐƵůĂƚĞĚƟŐŚƚůǇ͕ 
ŝŶǁŚŝĐŚƚŚĞĮďƌŽďůĂƐƚŐƌŽǁƚŚĨĂĐƚŽƌ;&'&ͿϮϯͲŬůŽƚŚŽͲǀŝƚĂŵŝŶĂǆŝƐƉůĂǇƐĂǀŝƚĂůƌŽůĞ;ϭϰͿ͘
&'&ϮϯͲŬůŽƚŚŽͲǀŝƚĂŵŝŶƉĂƚŚǁĂǇ
,ŽƌŵŽŶĂůƌĞŐƵůĂƟŽŶĚƵƌŝŶŐŚĞĂůƚŚĂŶĚ<
High serum PiůĞǀĞůƐŝŶĐƌĞĂƐĞƐĞƌƵŵ&'&ϮϯůĞǀĞůƐ͕ĂƉŚŽƐƉŚĂƚƵƌŝĐŚŽƌŵŽŶĞƉƌŽĚƵĐĞĚďǇ
ƚŚĞŽƐƚĞŽĐǇƚĞƐĂŶĚŽƐƚĞŽďůĂƐƚƐŝŶďŽŶĞ;ϭϰ͕ϭϱͿ͘&'&ϮϯĚŽǁŶƌĞŐƵůĂƚĞƐƚŚĞƐŽĚŝƵŵ;EĂ+)/
WŝĐŽͲƚƌĂŶƐƉŽƌƚĞƌƐEĂWŝͲ//ĂĂŶĚEĂWŝͲ//ĐŝŶƚŚĞƉƌŽǆŝŵĂůƚƵďƵůĞ͕ǁŚŝĐŚƌĞƐƵůƚƐŝŶĂŚŝŐŚĞƌ
urinary PiĞǆĐƌĞƟŽŶĂŶĚĂůŽǁĞƌƐĞƌƵŵWŝůĞǀĞů;ϭϲ͕ϭϳͿ͘DŽƌĞŽǀĞƌ͕ &'&ϮϯĚĞĐƌĞĂƐĞƐƚŚĞ
ƉƌŽĚƵĐƟŽŶŽĨĂĐƟǀĞǀŝƚĂŵŝŶ͕ǀŝĂƚŚĞĚŽǁŶƌĞŐƵůĂƟŽŶŽĨϭͲĂůƉŚĂŚǇĚƌŽǆǇůĂƐĞ;ǇƉϮϳďϭͿ
ĂŶĚŝŶĐƌĞĂƐĞƐŝƚƐĐĂƚĂďŽůŝƐŵďǇƵƉƌĞŐƵůĂƟŽŶŽĨϮϰͲŚǇĚƌŽǆǇůĂƐĞ;ǇƉϮϰĂϭͿ;ϭϳ͕ϭϴͿ͘ĐƟǀĞ
vitamin D increases Ca2+ and PiĂďƐŽƌƉƟŽŶŝŶƚŚĞŝŶƚĞƐƟŶĞ͕ŝƚĨĂĐŝůŝƚĂƚĞƐƌĞŶĂůƌĞĂďƐŽƌƉƟŽŶ
of Ca2+ and mobilizes Ca2+ and Pi ĨƌŽŵ ďŽŶĞ ;ϭϵͿ͘ &ƵƌƚŚĞƌŵŽƌĞ͕ ŝƚ ƐƟŵƵůĂƚĞƐ &'&Ϯϯ
ƉƌŽĚƵĐƟŽŶ͕ ĂƐ ƐƵĐŚ ĐůŽƐŝŶŐ Ă ŶĞŐĂƟǀĞ ĨĞĞĚďĂĐŬ ůŽŽƉ ;ϭϰ͕ϮϬͿ͘ dŚĞ ƌĞĐĞƉƚŽƌ ĐŽŵƉůĞǆ
ĨŽƌ&'&ϮϯĐŽŶƐŝƐƚƐŽĨ ƚŚĞ&'& ƌĞĐĞƉƚŽƌĂŶĚĂůƉŚĂͲŬůŽƚŚŽ͕ ƌĞĨĞƌƌĞĚ ƚŽĂƐŬůŽƚŚŽ ŝŶ ƚŚĞ
ƌĞƐƚŽĨƚŚŝƐƚŚĞƐŝƐ͘<ůŽƚŚŽŝƐĂƚƌĂŶƐŵĞŵďƌĂŶĞƉƌŽƚĞŝŶ͕ǁŚŝĐŚǁĂƐĮƌƐƚĚĞƐĐƌŝďĞĚĂƐĂŶ
ĂŶƟͲĂŐŝŶŐƉƌŽƚĞŝŶ;ϮϭͿ͘tŝƚŚŽƵƚŬůŽƚŚŽ͕&'&ϮϯĐĂŶŶŽƚĞǆĞƌƚŝƚƐĨƵŶĐƟŽŶĂƐWiĞǆĐƌĞƟŽŶ
hormone. The extracellular domain of klotho can also be cleaved from the plasma 
ŵĞŵďƌĂŶĞ͕ƌĞƐƵůƟŶŐ ŝŶĨƌĞĞĐŝƌĐƵůĂƟŶŐŬůŽƚŚŽ͕ĐĂůůĞĚƐŽůƵďůĞŬůŽƚŚŽ;ϮϮ͕ϮϯͿ͘<ůŽƚŚŽ ŝƐ
discussed in more detail in the next paragraph. Parathyroid hormone (PTH) is another 
ŝŵƉŽƌƚĂŶƚƌĞŐƵůĂƚŽƌŽĨƚŚĞŵŝŶĞƌĂůďĂůĂŶĐĞ͘tŚĞƌĞWd,͕ůŝŬĞ&'&Ϯϯ͕ĚĞĐƌĞĂƐĞƐƐĞƌƵŵWi 
levels by increasing urinary PiĞǆĐƌĞƟŽŶǀŝĂĚŽǁŶƌĞŐƵůĂƟŶŐEĂWŝͲ//ĂĂŶĚEĂWŝͲ//Đ͕ŝƚĂĐƚƵĂůůǇ
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Chapter 1
increases serum Ca2+ůĞǀĞůƐǀŝĂƐƟŵƵůĂƟŶŐƐĞƌƵŵǀŝƚĂŵŝŶůĞǀĞůƐďǇŝŶĐƌĞĂƐŝŶŐǇƉϮϳďϭ
and decreasing Cyp24a1 in the kidney. Moreover, PTH increases serum Ca2+ levels by 
enhancing renal Ca2+ ƌĞĂďƐŽƌƉƟŽŶĂŶĚďŽŶĞƌĞƐŽƌƉƟŽŶ;Ϯϰ͕ϮϱͿ͘ZĞĐĞŶƚůǇ͕ ŝƚǁĂƐĚĞƐĐƌŝďĞĚ
ƚŚĂƚWd,ĂŶĚ&'&ϮϯĂīĞĐƚĞĂĐŚŽƚŚĞƌŝŶĂŶĞŐĂƟǀĞĨĞĞĚďĂĐŬůŽŽƉ͕ǁŚĞƌĞWd,ƐƟŵƵůĂƚĞƐ
&'&ϮϯƉƌŽĚƵĐƟŽŶĂŶĚ&'&Ϯϯ ŝŶŚŝďŝƚƐWd,ƐǇŶƚŚĞƐŝƐ ;Ϯϲ͕ϮϳͿ͘&ŝŐƵƌĞϮĚĞŵŽŶƐƚƌĂƚĞƐ ƚŚĞ
ƌĞŐƵůĂƟŽŶŽĨƐĞƌƵŵWi and Ca2+ ďǇƚŚĞĚŝīĞƌĞŶƚŚŽƌŵŽŶĞƐĚĞƐĐƌŝďĞĚŚĞƌĞ͘
Several markers are used to diagnose and follow the progression of CKD, of which 
ŵĂŶǇ ĂƌŝƐĞ Ăƚ ĚŝīĞƌĞŶƚ ƐƚĂŐĞƐ ŽĨ ƚŚĞ ĚŝƐĞĂƐĞ͘ ^ĞƌƵŵWd, ĂŶĚ Wi rise in stages 3 and 
ϰƌĞƐƉĞĐƟǀĞůǇ ;ϮϴͲϯϭͿ͘ZĞŶĂůŬůŽƚŚŽĞǆƉƌĞƐƐŝŽŶĂŶĚƐĞƌƵŵĂŶĚƵƌŝŶĂƌǇƐŽůƵďůĞŬůŽƚŚŽ
ĚĞĐƌĞĂƐĞĂůƌĞĂĚǇŝŶ<ƐƚĂŐĞϭͲϮ͕ĂůƚŚŽƵŐŚƚŚĞƐĞĂƌĞƐƟůůƉƌĞůŝŵŝŶĂƌǇĮŶĚŝŶŐƐ;ϯϮͲϯϰͿ͘
^ĞƌƵŵ&'&Ϯϯ ŝƐĂŶĞĂƌůǇŵĂƌŬĞƌĂƐǁĞůů͕ƐŝŶĐĞ ŝƚ ŝƐĂůƌĞĂĚǇƵƉƌĞŐƵůĂƚĞĚ ŝŶ<ƐƚĂŐĞƐ
2-3, before the increase of serum PTH or Pi;ϮϴͲϯϬͿ͘/ƚŚĂƐďĞĞŶŚǇƉŽƚŚĞƐŝǌĞĚƚŚĂƚƐĞƌƵŵ
&'&ϮϯƌŝƐĞƐĮƌƐƚĚƵĞƚŽƚŚĞĐŽŵďŝŶĂƟŽŶŽĨŵĂŝŶƚĂŝŶŝŶŐŶŽƌŵĂůƐĞƌƵŵWi levels and the 
ĚŽǁŶƌĞŐƵůĂƟŽŶŽĨ ŬůŽƚŚŽ ŝŶ ŝƚƐ ƌĞĐĞƉƚŽƌ ĐŽŵƉůĞǆ ;ϯϱͿ͘tŚĞŶ ƌĞŶĂů ĨƵŶĐƟŽŶĚĞĐůŝŶĞƐ
further, serum PTH increases, causing the secondary hyperparathyroidism, which is 
ŽŌĞŶŽďƐĞƌǀĞĚŝŶƉĂƟĞŶƚƐǁŝƚŚůĂƚĞƌƐƚĂŐĞƐŽĨ<͘dŚĞƌŝƐĞŽĨƐĞƌƵŵWd,ĚĞƐƉŝƚĞŚŝŐŚ
ƐĞƌƵŵ&'&ϮϯůĞǀĞůƐ͕ŵĂǇďĞĚƵĞƚŽůŽǁĞƌůĞǀĞůƐŽĨŬůŽƚŚŽŝŶƚŚĞƉĂƌĂƚŚǇƌŽŝĚŐůĂŶĚƐ͘dŚŝƐ
ǁŽƵůĚƌĞƐƵůƚ ŝŶĂƌĞƐŝƐƚĂŶĐĞĂŐĂŝŶƐƚ&'&Ϯϯ͕ǁŚŝĐŚŶŽƌŵĂůůǇŝŶŚŝďŝƚƐWd,ƐǇŶƚŚĞƐŝƐ;ϯϲͲ
38). However, this was later contradicted in the study of Olauson et al., which showed a 
ŬůŽƚŚŽͲŝŶĚĞƉĞŶĚĞŶƚĞīĞĐƚŽĨ&'&ϮϯŽŶƚŚĞƉĂƌĂƚŚǇƌŽŝĚŐůĂŶĚƐ;ϯϵͿ͘
Klotho
dŚĞƉƌŽƚĞŝŶŬůŽƚŚŽŝƐŶĂŵĞĚĂŌĞƌƚŚĞ'ƌĞĞŬŐŽĚĚĞƐƐClotho, who spins the thread of 
life. Kuro-o et al. discovered the klotho gene in 1997 and showed that mice with severely 
ƌĞĚƵĐĞĚ ŬůŽƚŚŽ ƉƌŽƚĞŝŶ ŚĂĚ Ă ƐŝŐŶŝĮĐĂŶƚůǇ ƌĞĚƵĐĞĚ ůŝĨĞ ƐƉĂŶ ;ϮϭͿ͘DŽƌĞŽǀĞƌ͕  ƚŚĞƐĞ
mice presented several aging phenotypes including skin and muscle atrophy, vascular 
ĐĂůĐŝĮĐĂƟŽŶ͕ŽƐƚĞŽƉĞŶŝĂĂŶĚƉƵůŵŽŶĂƌǇĞŵƉŚǇƐĞŵĂ͘KŶƚŚĞĐŽŶƚƌĂƌǇ͕ŽǀĞƌĞǆƉƌĞƐƐŝŽŶ
&ŝŐƵƌĞϮͮZĞŐƵůĂƟŽŶŽĨƐĞƌƵŵĂ2+ and Pi levels by FGF23, vitamin D and PTH. (AͿ^ĐŚĞŵĞŽĨŝŶƚĞƌĂĐƟŽŶƐ
ďĞƚǁĞĞŶƚŚĞŚŽƌŵŽŶĞƐ&'&Ϯϯ͕Wd,ĂŶĚǀŝƚĂŵŝŶĂŶĚƚŚĞŝƌĞīĞĐƚŽŶƐĞƌƵŵĂ2+ and Pi levels. (B) Scheme 
ŽĨƚŚĞĞīĞĐƚƐŽĨ&'&Ϯϯ͕Wd,ĂŶĚǀŝƚĂŵŝŶŽŶƚŚĞĚŝīĞƌĞŶƚŽƌŐĂŶƐƌĞŐƵůĂƟŶŐƐĞƌƵŵĂ2+ and Pi. See text 
ĨŽƌĂŵŽƌĞĚĞƚĂŝůĞĚĞǆƉůĂŶĂƟŽŶ͘
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ŽĨŬůŽƚŚŽŝŶŵŝĐĞƌĞƐƵůƚĞĚŝŶĂƉƌŽůŽŶŐĞĚůŝĨĞƐƉĂŶ;ϰϬͿ͘/ŶƚĞƌĞƐƟŶŐůǇ͕ďŽƚŚ&'&ϮϯĂŶĚ
klotho knockout mice showed similar phenotypes, including hyperphosphatemia, high 
serum vitamin D levels, and hypercalcemia (21,41). Kurosu et al. reported in 2006 
ƚŚĂƚŬůŽƚŚŽŝƐƉĂƌƚŽĨƚŚĞƌĞĐĞƉƚŽƌĐŽŵƉůĞǆŝŶĐŽŵďŝŶĂƟŽŶǁŝƚŚƚŚĞ&'&ƌĞĐĞƉƚŽƌϭĐ͕
ϯŽƌϰ͕ĂŶĚŝƐŶĞĐĞƐƐĂƌǇĨŽƌ&'&ϮϯƐŝŐŶĂůŝŶŐ;ϮϮͿ͘<ůŽƚŚŽŝƐƉƌĞĚŽŵŝŶĂŶƚůǇĞǆƉƌĞƐƐĞĚŝŶ
ƚŚĞŬŝĚŶĞǇ͕ĂŶĚŵŽƌĞƐƉĞĐŝĮĐĂůůǇƚŚĞdĂŶĚEd;ϰϮͿ͘/ŶƚĞƌĞƐƟŶŐůǇ͕&'&ϮϯďŝŶĚŝŶŐ
ƚŽ ƚŚĞ ƌĞĐĞƉƚŽƌ ĐŽŵƉůĞǆ ĂŶĚ ĐŽŶƐĞƋƵĞŶƚ ƐŝŐŶĂůŝŶŐ ƐĞĞŵƐ ƚŽ ƚĂŬĞƉůĂĐĞ ŝŶ ƚŚĞd͘ 
,ŽǁĞǀĞƌ͕  ƚŚĞ ďŝŽůŽŐŝĐĂů ĞīĞĐƚƐ͕ ŝŶĐůƵĚŝŶŐ EĂWŝͲ// ĚŽǁŶƌĞŐƵůĂƟŽŶ ĂŶĚ ĚĞĐƌĞĂƐŝŶŐ
ǀŝƚĂŵŝŶƉƌŽĚƵĐƟŽŶ͕ĂƌĞŽďƐĞƌǀĞĚŝŶƚŚĞƉƌŽǆŝŵĂůƚƵďƵůĞ;ϰϯͿ͘ǀĞŶƚŚŽƵŐŚƐĞǀĞƌĂů
ƐƚƵĚŝĞƐƐŚŽǁĞĚƚŚĞƉƌĞƐĞŶĐĞŽĨŬůŽƚŚŽŝŶƚŚĞƉƌŽǆŝŵĂůƚƵďƵůĞ͕ƚŚĞƉƌĞĐŝƐĞůŽĐĂůŝǌĂƟŽŶ
ŝƐƐƟůůĚĞďĂƚĞĚĂŶĚ͕ƚŚĞƌĞĨŽƌĞ͕ƚŚĞĞǆĂĐƚ&'&ϮϯƐŝŐŶĂůŝŶŐŵĞĐŚĂŶŝƐŵƌĞŵĂŝŶƐƵŶŬŶŽǁŶ
;ϰϰ͕ϰϱͿ͘ dŚĞ ŝŵƉŽƌƚĂŶĐĞ ŽĨ ƌĞŶĂů ŬůŽƚŚŽ ǁĂƐ ŽďƐĞƌǀĞĚ ŝŶ Ă ŬŝĚŶĞǇͲƐƉĞĐŝĮĐ ŬůŽƚŚŽ
knockout mouse model. These mice showed comparable symptoms like the total 
klotho knockout mice, including premature death and hyperphosphatemia (46). 
<ůŽƚŚŽŝƐĂůƐŽĞǆƉƌĞƐƐĞĚŝŶƚŚĞƉĂƌĂƚŚǇƌŽŝĚŐůĂŶĚƐ͕ǁŚĞƌĞŝƚĨƵŶĐƟŽŶƐĂƐĐŽͲƌĞĐĞƉƚŽƌĨŽƌ
&'&Ϯϯ͘KƚŚĞƌ ƌŽůĞƐŽĨƉĂƌĂƚŚǇƌŽŝĚĞǆƉƌĞƐƐĞĚŬůŽƚŚŽĂƌĞĐŽŶƚƌŽǀĞƌƐŝĂůĚƵĞ ƚŽĐŽŶŇŝĐƟŶŐ
ĚĂƚĂ;ϰϳ͕ϰϴͿ͘&ŽƌĞǆĂŵƉůĞ͕ƉĂƌĂƚŚǇƌŽŝĚŬůŽƚŚŽŚĂƐďĞĞŶƌĞƉŽƌƚĞĚƚŽƐƟŵƵůĂƚĞWd,ƐĞĐƌĞƟŽŶ
ǀŝĂƚŚĞƐŽĚŝƵŵͬƉŽƚĂƐƐŝƵŵdWĂƐĞ;EĂ+/K+dWĂƐĞͿ;ϰϳͿ͘dŚŝƐǁĂƐůĂƚĞƌĐŽŶƚƌĂĚŝĐƚĞĚǁŚĞŶ
ŝŶŚŝďŝƟŽŶ ŽĨ EĂ+/K+ dWĂƐĞ ĚŝĚ ŶŽƚ ŝŶŇƵĞŶĐĞ ƚŚĞ ƐĞĐƌĞƟŽŶ ŽĨ Wd, ;ϰϴͿ͘ <ůŽƚŚŽ ŝƐ ĂůƐŽ
ĨŽƵŶĚ ŝŶƚŚĞďƌĂŝŶ͕ŵĂŝŶůǇ ŝŶƚŚĞĐŚŽƌŽŝĚƉůĞǆƵƐ͕ǁŚĞƌĞĐĞƌĞďƌŽƐƉŝŶĂůŇƵŝĚ ŝƐƉƌŽĚƵĐĞĚ
;ϮϭͿ͘<ůŽƚŚŽŬŶŽĐŬŽƵƚŵŝĐĞƉƌĞƐĞŶƚǁŝƚŚŝŵƉĂŝƌĞĚĐŽŐŶŝƟŽŶ;ϰϵͿ͘/ŶĂĚĚŝƟŽŶ͕ŝƚŝƐŚŝŐŚůǇ
abundant in the cerebellar Purkinje cells, though its exact role there is not yet known (50).
hŶƟůŶŽǁ͕ŽŶůǇĂĨĞǁƉĂƟĞŶƚƐĐĂƌƌǇŵƵƚĂƟŽŶƐŝŶƚŚĞŬůŽƚŚŽŐĞŶĞ;ϱϭ͕ϱϮͿ͘dŚĞ,ŝƐϭϵϯƌŐ
ŵƵƚĂƟŽŶŝŶŽŶĞƉĂƟĞŶƚƌĞƐƵůƚƐŝŶĚĞĐƌĞĂƐĞĚŬůŽƚŚŽĞǆƉƌĞƐƐŝŽŶĂŶĚƚŚĞƉĂƟĞŶƚƉƌĞƐĞŶƚĞĚ
ǁŝƚŚ ŚǇƉĞƌƉŚŽƐƉŚĂƚĞŵŝĂ ĂŶĚ ŚǇƉĞƌĐĂůĐĞŵŝĂ ;ϱϯͿ͘  ĐŚƌŽŵŽƐŽŵĂů ƚƌĂŶƐůŽĐĂƟŽŶ
between chromosome 9 and 13, which is in close proximity to the klotho gene, causes 
an increase in serum klotho together with hypophosphatemia and hyperparathyroidism 
;ϱϭͿ͘ dŚĞ ŵŽƐƚ ƐƚƵĚŝĞĚ ŬůŽƚŚŽ ƉŽůǇŵŽƌƉŚŝƐŵ ŝƐ ŬůŽƚŚŽ s^ ;<>s^Ϳ͕ ǁŚŝĐŚ ĐŽŶƐŝƐƚƐ ŽĨ
Ɛŝǆ ĚŝīĞƌĞŶƚ ƐŝŶŐůĞ ŶƵĐůĞŽƟĚĞ ƉŽůǇŵŽƌƉŚŝƐŵƐ ;^EWƐͿ ƚŚĂƚ ĂƌĞ ĂůǁĂǇƐ ĨŽƵŶĚ ƚŽŐĞƚŚĞƌ͕ 
ŚŽǁĞǀĞƌ͕ ŽŶůǇƚǁŽŽĨƚŚĞƐĞ^ EWƐůĞĂĚƚŽĂŵŝŶŽĂĐŝĚĐŚĂŶŐĞƐ;WŚĞϯϱϮsĂůĂŶĚǇƐϯϳϬ^ĞƌͿ͘
ŚĞƚĞƌŽǌǇŐŽƵƐ<>s^ŐĞŶŽƚǇƉĞŚĂƐďĞĞŶĂƐƐŽĐŝĂƚĞĚǁŝƚŚ ŝŶĐƌĞĂƐĞĚĐŚĂŶĐĞŽĨƐƵƌǀŝǀĂů
over the age of 75 and a heterozygous advantage for cardiovascular disease risk factors, 
ƚŚŽƵŐŚŵŽƌĞƌĞƐĞĂƌĐŚŝƐŶĞĞĚĞĚƚŽĐŽŶĮƌŵƚŚŝƐŚǇƉŽƚŚĞƐŝƐ;ϱϰ͕ϱϱͿ͘
DŽůĞĐƵůĂƌĐŚĂƌĂĐƚĞƌŝƐƟĐƐŽĨŬůŽƚŚŽ
<ůŽƚŚŽ ŝƐĂƐŝŶŐůĞƉĂƐƐƚƌĂŶƐŵĞŵďƌĂŶĞƉƌŽƚĞŝŶ͕ĐŽŶƐŝƐƟŶŐŽĨϭϬϭϮĂŵŝŶŽĂĐŝĚƐ͘ /ƚŚĂƐ
two homologous extracellular domains, KL1 and KL2, a transmembrane domain, and 
Ă ƐŵĂůů ĐǇƚŽƐŽůŝĐ ƉĂƌƚ ĐŽŶƐŝƐƟŶŐ ŽĨ ΕϭϬ ƌĞƐŝĚƵĞƐ ;ϮϭͿ͘ dŚĞ ĨƵůůͲůĞŶŐƚŚ ƉƌŽƚĞŝŶ ĐĂŶ ďĞ
ĐůĞĂǀĞĚĂƚƚǁŽĚŝīĞƌĞŶƚƐŝƚĞƐ;&ŝŐƵƌĞϯͿ͘KŶĞƐŝƚĞŝƐůŽĐĂƚĞĚĚŝƌĞĐƚůǇĂďŽǀĞƚŚĞŵĞŵďƌĂŶĞ 
;ɲͲĐƵƚͿ͕ǁŚŝůĞƚŚĞŽƚŚĞƌŝƐƐŝƚƵĂƚĞĚďĞƚǁĞĞŶƚŚĞ<>ϭĂŶĚ<>ϮĚŽŵĂŝŶ;ɴͲĐƵƚͿ͘ůĞĂǀĂŐĞ
ĂƚƚŚĞɲͲĐƵƚƌĞƐƵůƚƐŝŶĨƵůůͲůĞŶŐƚŚƐŽůƵďůĞŬůŽƚŚŽĂŶĚĐůĞĂǀĂŐĞĂƚďŽƚŚƚŚĞɲͲĂƐǁĞůůĂƐ
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the ɴͲĐƵƚ, results in the smaller fragments KL1 and KL2 (23,56). The enzymes involved 
in the cleavage are ɲͲ͕ ɴͲ ĂŶĚ ɶͲƐĞĐƌĞƚĂƐĞƐ͘ The ɲͲƐĞĐƌĞƚĂƐĞƐ are a disintegrin and 
ŵĞƚĂůůŽƉƌŽƚĞĂƐĞƐ;DͿϭϬĂŶĚDϭϳ͕ĂŶĚƚŚĞɴͲƐĞĐƌĞƚĂƐĞŝƐɴͲĂŵǇůŽŝĚ precursor 
ƉƌŽƚĞŝŶ ĐůĞĂǀŝŶŐ ĞŶǌǇŵĞ ;Ϳϭ͘ dŚĞƐĞ ĂƌĞ ůŝŬĞůǇ ŝŶǀŽůǀĞĚ ŝŶ ƐŚĞĚĚŝŶŐ ŽĨ ĨƵůůͲůĞŶŐƚŚ
ŬůŽƚŚŽĂŶĚ<>ϭ͘ɶͲ^ĞĐƌĞƚĂƐĞƐĐůĞĂǀĞƚŚĞƌĞŵĂŝŶŝŶŐŵĞŵďƌĂŶĞƐƚƵď;ϱϳ͕ϱϴͿ͘/ŶĂĚĚŝƟŽŶ͕
ĂŶŽƚŚĞƌƐŽůƵďůĞǀĂƌŝĂŶƚŽĨŬůŽƚŚŽŝƐƉƌŽĚƵĐĞĚďǇĂůƚĞƌŶĂƟǀĞƐƉůŝĐŝŶŐ͕ŵĂŝŶůǇĐŽŶƐŝƐƟŶŐ
ŽĨƚŚĞ<>ϭĚŽŵĂŝŶ͘,ŽǁĞǀĞƌ͕ ƚŚŝƐŚĂƐďĞĞŶŝĚĞŶƟĮĞĚĂƐĂƚĂƌŐĞƚĨŽƌŶŽŶƐĞŶƐĞͲŵĞĚŝĂƚĞĚ
ŵZEĚĞĐĂǇďǇE/;ƌĞĨĞƌĞŶĐĞƐĞƋƵĞŶĐĞ͗EDͺϭϱϯϲϴϯ͘ϮͿ;ϱϵͿ͘
Soluble klotho
^ŽůƵďůĞ ŬůŽƚŚŽ ŝƐ ƉƌĞƐĞŶƚ ŝŶ ďůŽŽĚ͕ ƵƌŝŶĞ ĂŶĚ ĐĞƌĞďƌŽƐƉŝŶĂů ŇƵŝĚ ;Ϯϯ͕ϯϯͿ͘ /Ŷ ďůŽŽĚ ŝƚ
ŝŶŚŝďŝƚƐ ƚŚĞ ŝŶƐƵůŝŶͬ/'&ϭ ĂŶĚ ƚŚĞ tŶƚ ƉĂƚŚǁĂǇ ;ϰϬ͕ϲϬͿ͘ DŽƌĞŽǀĞƌ͕  ŝƚ ŚĂƐ Ă ƌŽůĞ ĂƐ Ă
ǀĂƐĐƵůĂƌƉƌŽƚĞĐƚŽƌ͕ ďǇŝŶĐƌĞĂƐŝŶŐŶŝƚƌŝĐŽǆŝĚĞƉƌŽĚƵĐƟŽŶĂŶĚŵĞĚŝĂƟŶŐĂŶƟͲŝŶŇĂŵŵĂƚŽƌǇ
ĂĐƟŽŶƐ;ϯϯ͕ϲϭ͕ϲϮͿ͘tŚĞƚŚĞƌŬůŽƚŚŽŝƐĂůƐŽĞǆƉƌĞƐƐĞĚŝŶǀĂƐĐƵůĂƚƵƌĞƌĞŵĂŝŶƐĐŽŶƚƌŽǀĞƌƐŝĂů͕
since several studies have shown the presence (63) and absence (64,65) of klotho in 
ǀĂƐĐƵůĂƚƵƌĞ͘ /Ŷ ƵƌŝŶĞ͕ ŬůŽƚŚŽ ƌĞŐƵůĂƚĞƐ ƐĞǀĞƌĂů ŝŽŶ ƚƌĂŶƐƉŽƌƚĞƌƐ ĂŶĚ ĐŚĂŶŶĞůƐ͘ KŶĞ ŽĨ
ƚŚĞĮƌƐƚĐŚĂŶŶĞůƐƚŚĂƚǁĞƌĞƐŚŽǁŶƚŽďĞƌĞŐƵůĂƚĞĚďǇŬůŽƚŚŽǁĂƐƚŚĞƚƌĂŶƐŝĞŶƚƌĞĐĞƉƚŽƌ
ƉŽƚĞŶƟĂůǀĂŶŝůůŽŝĚ;dZWsͿϱĂ2+ channel and later also the renal outer medullary potassium 
ĐŚĂŶŶĞů;ZKD<Ϳϭ͘<ůŽƚŚŽŵŽĚŝĮĞƐƚŚĞEͲŐůǇĐĂŶŽĨƚŚĞƚƌĂŶƐƉŽƌƚĞƌƐ͕ǁŚĞƌĞƵƉŽŶŐĂůĞĐƟŶƐ
&ŝŐƵƌĞϯͮ<ůŽƚŚŽƐŚĞĚĚŝŶŐĂƚƚŚĞƉůĂƐŵĂŵĞŵďƌĂŶĞ͘ Klotho has two homologous domains, namely 
<>ϭ;ĚĂƌŬďůƵĞͿĂŶĚ<>Ϯ;ůŝŐŚƚďůƵĞͿ͘DĞŵďƌĂŶŽƵƐŬůŽƚŚŽĐĂŶďĞĐůĞĂǀĞĚĂƚƚǁŽƐŝƚĞƐ͗ƌŝŐŚƚĂŌĞƌƚŚĞ
ŵĞŵďƌĂŶĞ;ɲͲĐƵƚͿĂŶĚďĞƚǁĞĞŶ<>ϭĂŶĚ<>Ϯ;ɴͲĐƵƚͿ͘^ŚĞĚĚŝŶŐĂŌĞƌƚŚĞŵĞŵďƌĂŶĞƌĞƐƵůƚƐŝŶĨƵůůͲůĞŶŐƚŚ
ƐŽůƵďůĞŬůŽƚŚŽ͕ǁŚĞƌĞĂƐƐŚĞĚĚŝŶŐĂƚƚŚĞɴͲĂŶĚɲͲĐƵƚƌĞƐƵůƚƐŝŶ<>ϭĂŶĚ<>ϮĨƌĂŐŵĞŶƚƐ͕ƌĞƐƉĞĐƟǀĞůǇ͘
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bind to the transporters, stabilizing them on the membrane. This results in increased Ca2+ 
ƌĞĂďƐŽƌƉƟŽŶǀŝĂdZWsϱŽƌŝŶĐƌĞĂƐĞĚƉŽƚĂƐƐŝƵŵĞǆĐƌĞƟŽŶǀŝĂZKD<ϭ͕ƌĞƐƉĞĐƟǀĞůǇ;ϲϲ͕ϲϳͿ͘
<ůŽƚŚŽŝƐŚŽŵŽůŽŐŽƵƐƚŽɴͲŐůƵĐƵƌŽŶŝĚĂƐĞ͕ĂŶĚŝƚƐƉŽƚĞŶƟĂůĞŶǌǇŵĂƟĐĂĐƟǀŝƚǇŵŝŐŚƚƉůĂǇĂ
ƌŽůĞŝŶƚŚĞŐůǇĐĂŶŵŽĚŝĮĐĂƟŽŶ͘tŚĞƌĞŚĂet al. have suggested that klotho has sialidase 
ĂĐƟǀŝƚǇ͕ >ĞƵŶŝƐƐĞŶet al͘ůĂƚĞƌƐŚŽǁĞĚƚŚĂƚƚŚŝƐǁĂƐůŝŬĞůǇŶŽƚƚŚĞĐĂƐĞ;ϲϴ͕ϲϵͿ͘dŚĞƉŽƚĞŶƟĂů
ĞŶǌǇŵĂƟĐĂĐƟǀŝƚǇŽĨŬůŽƚŚŽ ŝƐ ƐƟůůƵŶĚĞƌĚĞďĂƚĞ͕ ƐŝŶĐĞ ƚŚĞĐƌƵĐŝĂů ƌĞƐŝĚƵĞƐ ƌĞƐƉŽŶƐŝďůĞ
ĨŽƌƚŚĞĞŶǌǇŵĂƟĐĂĐƟǀŝƚǇŝŶɴͲŐůƵĐƵƌŽŶŝĚĂƐĞĂƌĞŶŽƚĐŽŶƐĞƌǀĞĚŝŶŬůŽƚŚŽ;ϳϬͿ͘dŚĞƌŽůĞŽĨ
ŬůŽƚŚŽŝŶƚŚĞĐĞƌĞďƌŽƐƉŝŶĂůŇƵŝĚŝƐƐƟůůůĂƌŐĞůǇƵŶŬŶŽǁŶ͕ĂůƚŚŽƵŐŚŝƚŚĂƐďĞĞŶƐƵŐŐĞƐƚĞĚƚŽ
ďĞŝŶǀŽůǀĞĚŝŶƚŚĞďĂƌŽƌĞŇĞǆƐĞŶƐŝƟǀŝƚǇĂŶĚƉƌŽƚĞĐƟŽŶŽĨŵǇĞůŝŶŝŶƚĞŐƌŝƚǇ;ϳϭ͕ϳϮͿ͘
ƵƌƌĞŶƚůǇ͕ ĐŽŵŵĞƌĐŝĂůůǇĂǀĂŝůĂďůĞĞŶǌǇŵĞͲůŝŶŬĞĚŝŵŵƵŶŽƐŽƌďĞŶƚĂƐƐĂǇƐ;>/^ͿŽŶƚŚĞ
market claim to measure human soluble klotho. However, the data produced by these 
ĂƐƐĂǇƐĂƌĞĐŽŶƚƌŽǀĞƌƐŝĂů͕ƐŝŶĐĞŝƚŝƐŶŽƚĞǆĂĐƚůǇŬŶŽǁŶŝĨƚŚĞǇĂƌĞŵĞĂƐƵƌŝŶŐƐƉĞĐŝĮĐĂůůǇ
ƐŽůƵďůĞŬůŽƚŚŽ ;ϳϯͿ͘dŚĞƌĞ ŝƐŶŽ ƐƉĞĐŝĮĐ ŝŶĨŽƌŵĂƟŽŶĂǀĂŝůĂďůĞŽŶ ƚŚĞĂŶƟďŽĚŝĞƐƵƐĞĚ
in the assay, and it is unclear what form of klotho (full-length and/or KL1 or KL2) is 
ŵĞĂƐƵƌĞĚ͘ƐĂĐŽŶƐĞƋƵĞŶĐĞ͕ǀĂƌǇŝŶŐĂŶĚƉƌŽďĂďůǇƵŶƌĞůŝĂďůĞĚĂƚĂĂďŽƵƚƐĞƌƵŵŬůŽƚŚŽ
ůĞǀĞůƐĂƌĞƉƵďůŝƐŚĞĚ͘^ŝŶĐĞŬůŽƚŚŽĐŽƵůĚďĞĂŶĞĂƌůǇďŝŽŵĂƌŬĞƌĨŽƌ<͕ŝƚŝƐĞƐƐĞŶƟĂůƚŽ
ĚĞǀĞůŽƉĂĨĂƐƚĂŶĚƌĞůŝĂďůĞĂƐƐĂǇƚŽŵĞĂƐƵƌĞƐŽůƵďůĞŬůŽƚŚŽƋƵĂŶƟƚĂƟǀĞůǇ͘
Maintaining the calcium balance
ƐŵĞŶƟŽŶĞĚĂďŽǀĞ͕ĂŬĞǇĨƵŶĐƟŽŶŽĨƚŚĞŬŝĚŶĞǇŝƐŵĂŝŶƚĂŝŶŝŶŐĞůĞĐƚƌŽůǇƚĞďĂůĂŶĐĞ͘Ă2+ 
ŝƐ ŝŶǀŽůǀĞĚ ŝŶƐĞǀĞƌĂů ŝŵƉŽƌƚĂŶƚƉŚǇƐŝŽůŽŐŝĐĂůƉƌŽĐĞƐƐĞƐ͕ ŝŶĐůƵĚŝŶŐŵƵƐĐůĞĐŽŶƚƌĂĐƟŽŶ͕
ŶĞƵƌŽŶ ĞǆĐŝƚĂƟŽŶ͕ ĐĂƌĚŝĂĐ ĚĞƉŽůĂƌŝǌĂƟŽŶ ĂŶĚ ďŽŶĞ ŵŝŶĞƌĂůŝǌĂƟŽŶ͘ DŽƌĞŽǀĞƌ͕  ĂƐ Ă
ƐĞĐŽŶĚŵĞƐƐĞŶŐĞƌ ŝƚ ŝƐ ŝŶǀŽůǀĞĚ ŝŶŵĂŶǇ ƐŝŐŶĂůŝŶŐ ƚƌĂŶƐĚƵĐƟŽŶƉĂƚŚǁĂǇƐ͘ dŚĞƌĞĨŽƌĞ͕
Ă ƟŐŚƚ ĐŽŶƚƌŽů ŽĨ Ă2+ ĐŽŶĐĞŶƚƌĂƟŽŶƐ ƐŚŽƵůĚ ďĞŵĂŝŶƚĂŝŶĞĚ͘ ĞƐŝĚĞƐ ƚŚĞ ŬŝĚŶĞǇ͕  ƚŚĞ
ŝŶƚĞƐƟŶĞĂŶĚƚŚĞďŽŶĞĂƌĞƚŚĞŵĂŝŶƌĞŐƵůĂƚŽƌƐŽĨƚŚĞƉůĂƐŵĂĂ2+ level, which is in the 
ƌĂŶŐĞ ŽĨ Ϯ͘ϭͲϮ͘ϱϱ ŵD͘ /Ŷ ƚŚĞ ŝŶƚĞƐƟŶĞ͕ ƚŚĞ ƉƌĞĚŽŵŝŶĂŶƚůǇ ƵŶƌĞŐƵůĂƚĞĚ ƉĂƌĂĐĞůůƵůĂƌ
ƉĂƚŚǁĂǇŝƐƌĞƐƉŽŶƐŝďůĞĨŽƌƚŚĞŵĂũŽƌĂďƐŽƌƉƟŽŶŽĨĂ2+, while the regulated transcellular 
ƉĂƚŚǁĂǇŝƐƵŶĚĞƌĐŽŶƚƌŽůŽĨǀŝƚĂŵŝŶŝĨŶĞĐĞƐƐĂƌǇĚƵĞƚŽĂŶĞŐĂƟǀĞĂ2+ balance (74). 
dŚĞďŽŶĞĨƵŶĐƟŽŶƐĂƐĂƌĞƐĞƌǀŽŝƌĨŽƌĂ2+͕ŵŽƐƚůǇŝŶƚŚĞĨŽƌŵŽĨŚǇĚƌŽǆǇĂƉĂƟƚĞĐƌǇƐƚĂůƐ͘
ŽŶĞƌĞƐŽƌƉƟŽŶǀŝĂWd,ĐĂŶĂŝĚŝŶŶŽƌŵĂůŝǌŝŶŐƐĞƌƵŵĂ2+ ĐŽŶĐĞŶƚƌĂƟŽŶƐ;ϭͿ͘dŚĞŬŝĚŶĞǇ
is the last resort to preserve Ca2+ before it leaves the organism. 
ŌĞƌĮůƚƌĂƟŽŶŝŶƚŚĞŐůŽŵĞƌƵůƵƐ͕ϵϵйŽĨĂ2+ is reabsorbed along the tubules. The proximal 
ƚƵďƵůĞŝƐƌĞƐƉŽŶƐŝďůĞĨŽƌϲϱͲϳϬйŽĨƚŚĞƌĞĂďƐŽƌƉƟŽŶ͕ĂŶĚƚŚĞƚŚŝĐŬĂƐĐĞŶĚŝŶŐůŝŵďĂĐĐŽƵŶƚƐ
ĨŽƌĂŶĂĚĚŝƟŽŶĂůϮϬͲϮϱй͘ŽƚŚƐĞŐŵĞŶƚƐƌĞĂďƐŽƌďĂ2+ via the paracellular pathway (75). The 
ƐĞĐŽŶĚƉĂƌƚŽĨƚŚĞdĂŶĚƚŚĞEdĂƌĞƚŚĞĮŶĂůƐĞŐŵĞŶƚƐǁŚĞƌĞĂ2+ is reabsorbed from 
the pro-urine. This occurs via the transcellular pathway, in a highly regulated manner (75,76). 
Here, the apically expressed Ca2+ ĐŚĂŶŶĞůdZWsϱƌĞĂďƐŽƌďƐĂ2+ from the pro-urine (77) (Figure 
4). The Ca2+-binding protein calbindin-D28KďƵīĞƌƐĐǇƚŽƐŽůŝĐĂ2+ ĂŶĚƚŚŝƐĐŽŵƉůĞǆĚŝīƵƐĞƐ
ĨƌŽŵƚŚĞĂƉŝĐĂůƚŽƚŚĞďĂƐŽůĂƚĞƌĂůƐŝĚĞ;ϳϴͿ͘dŚĞĐǇƚŽƐŽůŝĐĐŽŶĐĞŶƚƌĂƟŽŶŽĨĂ2+ ŝƐΕϭϬϬŶD
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Chapter 1
ŝŶĂƌĞƐƟŶŐƐƚĂƚĞ͕ĐĂƵƐŝŶŐĂůĂƌŐĞŐƌĂĚŝĞŶƚĂĐƌŽƐƐƚŚĞƉůĂƐŵĂŵĞŵďƌĂŶĞ;ϳϵͿ͘dŚŝƐŐƌĂĚŝĞŶƚ
is preserved by removing Ca2+ ĨƌŽŵ ƚŚĞ ĐǇƚŽƉůĂƐŵ ƚŽ ƚŚĞ ƐĂƌĐŽƉůĂƐŵĂƟĐͬĞŶĚŽƉůĂƐŵĂƟĐ
ƌĞƟĐƵůƵŵǀŝĂƚŚĞƐĂƌĐŽƉůĂƐŵĂƟĐͬĞŶĚŽƉůĂƐŵĂƟĐĂ2+ͲdWĂƐĞ;^ZͿĂŶĚŽƵƚƐŝĚĞƚŚĞĐĞůůǀŝĂ
the plasma membrane Ca2+ͲdWĂƐĞ;WDͿĂŶĚEĂ+/Ca2+ exchanger (NCX) (79), (80). 
ƉŝĐĂůĐĂůĐŝƵŵŝŶŇƵǆ
dƌĂŶƐŝĞŶƚZĞĐĞƉƚŽƌWŽƚĞŶƟĂůsĂŶŝůůŽŝĚƚǇƉĞϱ
tŝƚŚŝŶƚŚĞdZWĨĂŵŝůǇ͕ ƚŚĞĂ2+ ĐŚĂŶŶĞůƐdZWsϱĂŶĚdZWsϲĂƌĞŚŝŐŚůǇŚŽŵŽůŽŐŽƵƐĂŶĚďŽƚŚ
ĂƌĞƉƌĞƐĞŶƚŝŶďŽŶĞ͕ŝŶƚĞƐƟŶĞĂŶĚŬŝĚŶĞǇ͘ dZWsϲŝƐŵŽƌĞĂďƵŶĚĂŶƚŝŶƚŚĞŝŶƚĞƐƟŶĞ͕ǁŚĞƌĞĂƐ
dZWsϱŝƐƉƌĞĚŽŵŝŶĂŶƚůǇĞǆƉƌĞƐƐĞĚŝŶƚŚĞŬŝĚŶĞǇ;ϴϭͿ͘dŚĞŝŵƉŽƌƚĂŶĐĞŽĨdZWsϱŝŶƌĞŶĂůĂ2+ 
ŚĂŶĚůŝŶŐďĞĐĂŵĞĂƉƉĂƌĞŶƚǁŝƚŚƚŚĞŐĞŶĞƌĂƟŽŶŽĨƚŚĞdZWsϱŬŶŽĐŬŽƵƚŵŝĐĞ;ϴϮͿ͘dŚĞƐĞŵŝĐĞ
display hypercalciuria, whereas serum Ca2+ levels are in the normal range, probably due to 
ĂĐŽŵƉĞŶƐĂƚŽƌǇŝŶƚĞƐƟŶĂůŚǇƉĞƌĂďƐŽƌƉƟŽŶŽĨĂ2+͕ĂƐĂƌĞƐƉŽŶƐĞƚŽĞůĞǀĂƚĞĚƐĞƌƵŵĂĐƟǀĞ
ǀŝƚĂŵŝŶůĞǀĞůƐ͘ŶĂĚĚŝƟŽŶĂůĂ2+ source for these mice could be bone, since these mice 
ƐŚŽǁ ĚŝƐƚƵƌďĞĚ ďŽŶĞŵŽƌƉŚŽůŽŐǇ͕  ŝŶĐůƵĚŝŶŐ Ă ƌĞĚƵĐƟŽŶ ŝŶ ƚƌĂďĞĐƵůĂƌ ĂŶĚ ĐŽƌƟĐĂů ďŽŶĞ
ƚŚŝĐŬŶĞƐƐ;ϴϮͿ͘ŶŽƚŚĞƌŵŽƵƐĞŵŽĚĞůŚĂƌďŽƌŝŶŐĂŶĂƵƚŽƐŽŵĂůĚŽŵŝŶĂŶƚ^ ĞƌϲϴϮWƌŽŵƵƚĂƟŽŶ
ŝŶdZWsϱ͕ƌĞƐƵůƟŶŐŝŶůĞƐƐdZWsϱƉƌŽƚĞŝŶĞǆƉƌĞƐƐŝŽŶ͕ƐŚŽǁĞĚĂƐŝŵŝůĂƌƉŚĞŶŽƚǇƉĞŝŶĐůƵĚŝŶŐ
ŚǇƉĞƌĐĂůĐŝƵƌŝĂĂŶĚŝŶĐƌĞĂƐĞĚǀŝƚĂŵŝŶůĞǀĞůƐ͕ĐŽŶĮƌŵŝŶŐƚŚĞƌŽůĞĂƐŐĂƚĞŬĞĞƉĞƌŽĨĂĐƟǀĞĂ2+ 
&ŝŐƵƌĞϰͮĐƟǀĞĂ2+ ƚƌĂŶƐƉŽƌƚŝŶƚŚĞdĂŶĚEd͘ /ŶƚŚĞŶĞƉŚƌŽŶƚŚĞĮŶĞͲƚƵŶŝŶŐŽĨĂ2+ occurs in the 
ůĂƚĞdĂŶĚEdŝŶĂŶĂĐƟǀĞŵĂŶŶĞƌ͘ dhis cartoon represents these cells, where Ca2+ from the pro-urine 
enters the cell via the epithelial Ca2+ channel, transient receptor ƉŽƚĞŶƟĂůǀĂŶŝůůŽŝĚƚǇƉĞϱ;dZWsϱͿ. There, 
calbindin-D28k ;ĂWϮϴŬͿďŝŶĚƐĂ2+ĂŶĚĚŝīƵƐĞƐĨƌŽŵƚŚĞĂƉŝĐĂůƚŽƚŚĞďĂƐŽůĂƚĞƌĂůƐŝĚĞ͘KŶƚŚĞďĂƐŽůĂƚĞƌĂů
membrane two transporters extrude Ca2+ out of the cell, namely the Na+/Ca2+ exchanger NCX1 and the 
plasma membrane Ca2+ͲdWĂƐĞWDϭͬϰ͘
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'ĞŶĞƌĂů/ŶƚƌŽĚƵĐƟŽŶ
1
ƌĞĂďƐŽƌƉƟŽŶŝŶƚŚĞŬŝĚŶĞǇ;ϴϯͿ͘>ŝŬĞƚŚĞdZWsϱŬŶŽĐŬŽƵƚŵŝĐĞ͕ƚŚĞdZWsϲŬŶŽĐŬŽƵƚŵŝĐĞ
have a normal serum Ca2+ ůĞǀĞů;ϴϰͿ͘,ŽǁĞǀĞƌ͕ dZWsϲŬŶŽĐŬŽƵƚŵŝĐĞƉƌĞƐĞŶƚǁŝƚŚĚĞĐƌĞĂƐĞĚ
ŝŶƚĞƐƟŶĂůĂ2+ ĂďƐŽƌƉƟŽŶ͕ůŽǁĞƌďŽŶĞŵŝŶĞƌĂůĚĞŶƐŝƚǇĂŶĚŚǇƉĞƌĐĂůĐŝƵƌŝĂ;ϴϰͿ͘
dŽĚĂƚĞ͕ƉĂƟĞŶƚƐǁŝƚŚƉĂƚŚŽŐĞŶŝĐdZWsϱŵƵƚĂƟŽŶƐŚĂǀĞŶŽƚďĞĞŶƌĞƉŽƌƚĞĚ͘,ŽǁĞǀĞƌ͕ 
ƌĞĐĞŶƚůǇĂŶĂƐƐŽĐŝĂƟŽŶǁĂƐŽďƐĞƌǀĞĚďĞƚǁĞĞŶƚŚĞƌĂƌĞŵŝƐƐĞŶƐĞǀĂƌŝĂŶƚ>ĞƵϱϯϬƌŐŝŶ
dZWsϱ ĂŶĚ ƌĞĐƵƌƌĞŶƚ ŬŝĚŶĞǇ ƐƚŽŶĞƐ ;ϴϱͿ͘ /Ŷ ĂĚĚŝƟŽŶ͕ ĂŶ ĂƐƐŽĐŝĂƟŽŶďĞƚǁĞĞŶ ƐĞǀĞƌĂů
^EWƐŝŶdZWsϱŝŶĂŶĨƌŝĐĂŶŵĞƌŝĐĂŶƉŽƉƵůĂƟŽŶĂŶĚĂĚĞĐƌĞĂƐĞĚƵƌŝŶĂƌǇĂ2+ ĞǆĐƌĞƟŽŶ
ŚĂƐ ďĞĞŶ ĚĞŵŽŶƐƚƌĂƚĞĚ͘ dŽ ĐŽŶĮƌŵ ƚŚĞ ŝŵƉŽƌƚĂŶĐĞ ŽĨ ƚŚĞƐĞ ^EWƐ͕ ƐƚƵĚŝĞƐ ŝŶ ůĂƌŐĞƌ
ƉŽƉƵůĂƟŽŶƐĂŶĚĨƵŶĐƟŽŶĂůƐƚƵĚŝĞƐĂƌĞŶĞĐĞƐƐĂƌǇ;ϴϲͿ͘
DŽůĞĐƵůĂƌĐŚĂƌĂĐƚĞƌŝƐƟĐƐŽĨdZWsϱ
dZWsϱ ŝƐ Ă ƚĞƚƌĂŵĞƌŝĐŵĞŵďƌĂŶĞ ƐƉĂŶŶŝŶŐ ĐŚĂŶŶĞů͕ ǁŚĞƌĞ ĞĂĐŚ ƐƵďƵŶŝƚ ĐŽŶƐŝƐƚƐ ŽĨ
six transmembrane domains, with large cytosolic C- and N-terminal tails (Figure 5a). 
ZĞĐĞŶƚůǇ͕ ƚŚĞƚĞƌƟĂƌǇƐƚƌƵĐƚƵƌĞŽĨƚŚĞƌĞůĂƚĞĚĐĂƟŽŶĐŚĂŶŶĞůdZWsϭǁĂƐĞůƵĐŝĚĂƚĞĚ͕ǁŚŝĐŚ
ĐŽƵůĚďĞƵƐĞĚĂƐĂƉƌĞĚŝĐƟŽŶŵŽĚĞůĨŽƌƚŚĞƐƚƌƵĐƚƵƌĞŽĨdZWsϱ;ϴϳͿ͘dŚŝƐĐŽŶĮƌŵĞĚƚŚĂƚ
ƚŚĞƉŽƌĞ ƌĞŐŝŽŶ ŝƐ ĐŽŵƉŽƐĞĚŽĨ ƚŚĞ ŝŶƚĞƌĨĂĐĞŽĨ ƚŚĞ ĨŽƵƌ ĚŝīĞƌĞŶƚ ƐƵďƵŶŝƚƐ ďĞƚǁĞĞŶ
ƚƌĂŶƐŵĞŵďƌĂŶĞ ϱ ĂŶĚ ϲ ;&ŝŐƵƌĞ ϱďͿ͘ dZWsϱ ŚĂƐ Ă ŚŝŐŚ Ă2+ ƐĞůĞĐƟǀŝƚǇ ;ϴϴͿ͕ ǁŚŝĐŚ ŝƐ
ĚĞƚĞƌŵŝŶĞĚďǇƌĞƐŝĚƵĞƐƉϱϰϮůŽĐĂƚĞĚĂƚƚŚĞƚŽƉŽĨƚŚĞƉŽƌĞ;ϴϵͿ͘ƚƚŚĞEͲƚĞƌŵŝŶƵƐĂƌĞ
ƚŚĞĂŶŬǇƌŝŶƌĞƉĞĂƚĚŽŵĂŝŶƐ͕ǁŚŝĐŚĂƌĞŝŶǀŽůǀĞĚŝŶƚŚĞƚĞƚƌĂŵĞƌŝǌĂƟŽŶŽĨƚŚĞĐŚĂŶŶĞů;ϵϬͲ
ϵϮͿ͘dŚĞĐŚĂŶŶĞůŝƐŐůǇĐŽƐǇůĂƚĞĚǁŝƚŚĂĐŽŵƉůĞǆEͲŐůǇĐĂŶĂƚƌĞƐŝĚƵĞƐŶϯϱϴ͘&ƵŶĐƟŽŶĂů
ƐƚƵĚŝĞƐŚĂǀĞĐŚĂƌĂĐƚĞƌŝǌĞĚdZWsϱĂƐĂĐŽŶƐƟƚƵƟǀĞůǇĂĐƟǀĞĐŚĂŶŶĞů͕ƐŝŶĐĞĂ2+ ŝŶŇƵǆŝƐ
ĂůƐŽƉƌĞƐĞŶƚŝŶƚŚĞĂďƐĞŶĐĞŽĨĂůŝŐĂŶĚŽƌƐƟŵƵůƵƐ;ϴϵͿ͘
ZĞŐƵůĂƟŽŶŽĨdZWsϱ
dZWsϱ ĐĂŶ ďĞ ƌĞŐƵůĂƚĞĚ Ăƚ ĚŝīĞƌĞŶƚ ůĞǀĞůƐ͗ ƚŚĞ ƚƌĂŶƐĐƌŝƉƟŽŶĂů ĂŶĚ ƚƌĂŶƐůĂƟŽŶĂů ůĞǀĞů͕
ƚƌĂĸĐŬŝŶŐƚŽĂŶĚĨƌŽŵƚŚĞƉůĂƐŵĂŵĞŵďƌĂŶĞĂŶĚƐŝŶŐůĞĐŚĂŶŶĞůĂĐƟǀŝƚǇ͘ ^ ĞǀĞƌĂůŚŽƌŵŽŶĞƐ͕
ŝŶĐůƵĚŝŶŐWd,͕ǀŝƚĂŵŝŶĂŶĚĞƐƚƌŽŐĞŶŝŶĐƌĞĂƐĞƚŚĞĞǆƉƌĞƐƐŝŽŶůĞǀĞůŽĨdZWsϱ;ϵϯͲϵϱͿ͘dŚĞ
ƚƌĂĸĐŬŝŶŐŽĨdZWsϱƚŽƚŚĞƉůĂƐŵĂŵĞŵďƌĂŶĞŝƐĂŚŝŐŚůǇĚǇŶĂŵŝĐƉƌŽĐĞƐƐ͘tŝƚŚƚŽƚĂůŝŶƚĞƌŶĂů
ƌĞŇĞĐƟŽŶŇƵŽƌĞƐĐĞŶĐĞ;d/Z&ͿŵŝĐƌŽƐĐŽƉǇŝƚŚĂƐďĞĞŶƐŚŽǁŶƚŚĂƚdZWsϱͲĐŽŶƚĂŝŶŝŶŐǀĞƐŝĐůĞƐ
are in close proximity to the plasma membrane, ready to be inserted upon hormonal 
ƐƟŵƵůĂƟŽŶ;ϵϲͿ͘ŌĞƌŝŶƐĞƌƟŽŶŝŶƚŽƚŚĞƉůĂƐŵĂŵĞŵďƌĂŶĞ͕dZWsϱĐŚĂŶŶĞůƐĂƌĞŝŶƚĞƌŶĂůŝǌĞĚ
ǀŝĂĐůĂƚŚƌŝŶͲĐŽĂƚĞĚǀĞƐŝĐůĞƐĂŶĚĐĂǀĞŽůĂƌǀĞƐŝĐůĞƐ;ϵϳ͕ϵϴͿ͘dŚĞŵĂũŽƌŝƚǇŽĨŝŶƚĞƌŶĂůŝǌĞĚdZWsϱ
ĞŶƚĞƌƐƚŚĞƌĞĐǇĐůŝŶŐƉĂƚŚǁĂǇ͕ ĂŶĚŽŶůǇĂƐŵĂůůĨƌĂĐƟŽŶŝƐĚĞŐƌĂĚĞĚ;ϵϴ͕ϵϵͿ͘
dŚĞƌĞĂƌĞ ƐĞǀĞƌĂů ĨĂĐƚŽƌƐ ƚŚĂƚ ĐĂŶ ŝŶŇƵĞŶĐĞƉůĂƐŵĂŵĞŵďƌĂŶĞĂďƵŶĚĂŶĐĞŽĨdZWsϱ͕
for example klotho and uromodulin. Uromodulin is, like klotho, a secreted urinary 
ƉƌŽƚĞŝŶ͘ hƌŽŵŽĚƵůŝŶ ŝŵƉĂŝƌƐ ƚŚĞ ĐĂǀĞŽůŝŶͲŵĞĚŝĂƚĞĚ ĞŶĚŽĐǇƚŽƐŝƐ ŽĨ dZWsϱ͕ ǁŚĞƌĞĂƐ
ŬůŽƚŚŽŵŽĚŝĮĞƐƚŚĞEͲŐůǇĐĂŶ͕ƌĞƚĂŝŶŝŶŐdZWsϱŽŶƚŚĞŵĞŵďƌĂŶĞďǇŵĞĂŶƐŽĨŐĂůĞĐƟŶƐ
;ϲϲ͕ϭϬϬͿ͘^ŝŶĐĞƚŚĞEͲŐůǇĐĂŶŝƐŽŌĞŶŝŶǀŽůǀĞĚŝŶůŽĐĂůŝǌŝŶŐƉƌŽƚĞŝŶƐƚŽĐůĂƚŚƌŝŶͲĞŶƌŝĐŚĞĚ
regions, it is likely that klotho works via the clathrin-coated pathway (101). Recently, 
ŝƚŚĂƐĂůƐŽďĞĞŶĚĞƐĐƌŝďĞĚƚŚĂƚ&'&ϮϯŚĂƐĂĚŝƌĞĐƚĞīĞĐƚŽŶdZWsϱƉůĂƐŵĂŵĞŵďƌĂŶĞ
ĂďƵŶĚĂŶĐĞ͕ĂůƚŚŽƵŐŚƚŚŝƐŝƐƐƟůůƵŶĚĞƌŝŶǀĞƐƟŐĂƟŽŶ;ϭϬϮͿ͘
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&ŝŐƵƌĞϱͮ dŽƉŽůŽŐǇŵŽĚĞůŽĨdZWsϱ͘(AͿdZWsϱĐŽŶƐŝƐƚƐŽĨϲƚƌĂŶƐŵĞŵďƌĂŶĞĚŽŵĂŝŶƐǁŝƚŚĂŶŝŶƚƌĂĐĞůůƵůĂƌ
Ͳ ĂŶĚEͲƚĞƌŵŝŶƵƐ͕ ĂŶĚĂ ĐŽŵƉůĞǆEͲŐůǇĐĂŶ ;ƌĞĚ ƚƌĞĞͿ͘ /Ŷ ŐƌĞǇ ƌŽƵŶĚƐ ƚŚĞ ĂŶŬǇƌŝŶĚŽŵĂŝŶƐ ;E<Ϳ ĂƌĞ
ĚĞƉŝĐƚĞĚ͘dŚĞĐŚĂŶŶĞůĐŽŶƐŝƐƚƐŽĨϰƐƵďƵŶŝƚƐ͕ǁŚĞƌĞĂŵŝŶŽĂĐŝĚƐƉϱϰϮ;ͿŝƐƚŚĞŝŵƉŽƌƚĂŶƚƌĞƐŝĚƵĞĨŽƌĂ2+ 
ƐĞůĞĐƟǀŝƚǇ͘ dŚĞͲƚĞƌŵŝŶĂůƌĞŐŝŽŶĐŽŶƚĂŝŶƐĂĐĂůŵŽĚƵůŝŶͲďŝŶĚŝŶŐƐŝƚĞǁŚĞƌĞĐĂůŵŽĚƵůŝŶ;ĂDͿďŝŶĚƐ͘dŚŝƐ
ƉŽƐŝƟŽŶŚĂƌďŽƌƐĂƉŽƚĞŶƟĂůƉŚŽƐƉŚŽƌǇůĂƟŽŶƐŝƚĞ;WͿĂƐǁĞůů͘;BͿdŽƉǀŝĞǁŽĨƚŚĞdZWsϱĐŚĂŶŶĞů͘dŚĞƉŽƌĞ
ŝƐŐĞŶĞƌĂƚĞĚďǇĨŽƵƌƐƵďƵŶŝƚƐǁŚĞƌĞƚŚĞƐƉϱϰϮ;ͿůŽĐĂƚĞĚďĞƚǁĞĞŶƚƌĂŶƐŵĞŵďƌĂŶĞϱĂŶĚϲŝƐĐƌƵĐŝĂůĨŽƌ
the Ca2+ ƐĞůĞĐƟǀŝƚǇ͘ dŽƉŽůŽŐǇŵŽĚĞůďĂƐĞĚŽŶsĂŶĚĞ'ƌĂĂĨet al. (103). 
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1
dŚĞĐŚĂŶŶĞůĂĐƟǀŝƚǇŽĨdZWsϱŝƐƌĞŐƵůĂƚĞĚďǇĂŶƵŵďĞƌŽĨĨĂĐƚŽƌƐůŝŬĞƉ,͕ŝŶƚƌĂĐĞůůƵůĂƌ
magnesium, and the plasma membrane lipid phosphatydyl inositol 4,5 bisphosphate 
;W/W2) (89,96,104). Most importantly, intracellular Ca2+ itself is an important regulator of 
dZWsϱĂĐƟǀŝƚǇ ĂŶĚ ƚŚŝƐ ŝƐŵĂŝŶůǇ ĚƵĞ ƚŽďŝŶĚŝŶŐ ƌĞŐŝŽŶƐ ŝŶ ƚŚĞͲƚĞƌŵŝŶĂů ƚĂŝů ŽĨ ƚŚĞ
ƉƌŽƚĞŝŶ͘dǁŽĚŝīĞƌĞŶƚƌĞŐŝŽŶƐƚŚĞƌĞŚĂǀĞďĞĞŶŝŵƉůŝĐĂƚĞĚƚŽŝŶĂĐƟǀĂƚĞdZWsϱŝŶĂĂ2+-
ĚĞƉĞŶĚĞŶƚŵĂŶŶĞƌ;ϭϬϱͿ͘/ƚŚĂƐďĞĞŶƐƵŐŐĞƐƚĞĚƚŚĂƚĂ2+ ĞŶƚƌǇƚŚƌŽƵŐŚdZWsϱ͕ƌĞƐƵůƟŶŐ
in microdomains of high local Ca2+ ĐŽŶĐĞŶƚƌĂƟŽŶƐŝŶĐůŽƐĞǀŝĐŝŶŝƚǇƚŽƚŚĞĐŚĂŶŶĞůŵŽƵƚŚ͕
ĐĂŶ ŝŶĂĐƟǀĂƚĞ ƚŚĞ ĐŚĂŶŶĞů ;ϭϬϲͿ͘DŽƌĞŽǀĞƌ͕ Ă2+ can bind to the Ca2+-binding protein 
ĐĂůŵŽĚƵůŝŶ͕ ǁŚŝĐŚ ŝŶƚĞƌĂĐƚƐ ǁŝƚŚ dZWsϱ ĂŶĚ ƚŚĞƌĞďǇ ƌĞŐƵůĂƚĞƐ ŝƚƐ Ă2+-dependent 
ĐŚĂŶŶĞůŝŶĂĐƟǀĂƟŽŶ;ϭϬϳͿ͘ĂůŵŽĚƵůŝŶďŝŶĚƐĂƚůĞĂƐƚĂƚŽŶĞƉŽƐŝƟŽŶĂƚƚŚĞͲƚĞƌŵŝŶĂů
ƚĂŝůŽĨdZWsϱ͕ďƵƚĂĚĚŝƟŽŶĂůĐĂůŵŽĚƵůŝŶͲďŝŶĚŝŶŐƐŝƚĞƐŚĂǀĞďĞĞŶƐƵŐŐĞƐƚĞĚ;ϭϬϳͲϭϬϵͿ͘
EĞǆƚƚŽŝŶĐƌĞĂƐŝŶŐdZWsϱĞǆƉƌĞƐƐŝŽŶůĞǀĞůƐ͕Wd,ƐƟŵƵůĂƚĞƐdZWsϱĂĐƟǀŝƚǇǀŝĂƚŚĞĐDWͲ
ĚĞƉĞŶĚĞŶƚĐĂƐĐĂĚĞĂƐǁĞůů͘dŚŝƐƌĞƐƵůƚƐŝŶƉŚŽƐƉŚŽƌǇůĂƟŽŶŽĨdZWsϱĂƚƌĞƐŝĚƵĞdŚƌϳϬϵ
ďǇƉƌŽƚĞŝŶŬŝŶĂƐĞ;W<Ϳ;ϭϭϬͿ͘/ƚŝƐŚǇƉŽƚŚĞƐŝǌĞĚƚŚĂƚƚŚŝƐƉŚŽƐƉŚŽƌǇůĂƟŽŶĚĞĐƌĞĂƐĞƐ
ƚŚĞĐĂůŵŽĚƵůŝŶďŝŶĚŝŶŐƚŽƚŚĞĐŚĂŶŶĞů͕ƚŚĞƌĞďǇƐƟŵƵůĂƟŶŐĂ2+ ŝŶŇƵǆ;ϭϬϳͿ͘
 
ĂƐŽůĂƚĞƌĂůĐĂůĐŝƵŵĞŋƵǆ
To maintain low intracellular Ca2+ ůĞǀĞůƐ͕ ƚŚĞ ĞŋƵǆŽĨ Ă2+ ƐŚŽƵůĚďĂůĂŶĐĞ ƚŚĞ ŝŶŇƵǆ͘ /Ŷ
ƌĞŶĂůĐĞůůƐ͕ďƵƚĂůƐŽŽƚŚĞƌĐĞůů ƚǇƉĞƐ ŝŶĐůƵĚŝŶŐŶĞƵƌŽŶƐ͕EyĂŶĚWDĂƌĞ ƌĞƐƉŽŶƐŝďůĞ
for the extrusion of Ca2+ ;ϭϭϭͿ͘EyŝƐĂŚŝŐŚĐĂƉĂĐŝƚǇ͕ ůŽǁĂĸŶŝƚǇƚƌĂŶƐƉŽƌƚĞƌ;<ŵĨŽƌĂ2+ 
is 1-10 ʅŵŽůͬ>Ϳ͕ĂŶĚĂĐĐŽƵŶƚƐĨŽƌΕϳϬйŽĨƚŚĞĂ2+ ĞŋƵǆ͘dŚŝƐƚƌĂŶƐƉŽƌƚĞƌŝƐĂďƵŶĚĂŶƚůǇ
ĞǆƉƌĞƐƐĞĚŝŶĞǆĐŝƚĂďůĞƟƐƐƵĞƐ͕ƐƵĐŚĂƐŚĞĂƌƚĂŶĚŶĞƵƌŽŶƐ;ϴϬ͕ϭϭϮͿ͘KŶƚŚĞĐŽŶƚƌĂƌǇ͕ WD
ŝƐ Ă ůŽǁ ĐĂƉĂĐŝƚǇ͕  ŚŝŐŚ ĂĸŶŝƚǇ Ă2+ transporter (Km for Ca2+ ŝƐ Ϭ͘ϮͲϬ͘ϱ ʅŵŽůͬ>Ϳ͕ŵĂŬŝŶŐ
WDƌĞƐƉŽŶƐŝďůĞĨŽƌŵĂŝŶƚĂŝŶŝŶŐƚŚĞĐǇƚŽƐŽůŝĐĂ2+ ůĞǀĞůƐ͕ĂŶĚƚŚĞƌĞĨŽƌĞŝƚŝƐƵďŝƋƵŝƚŽƵƐůǇ
ĞǆƉƌĞƐƐĞĚ;ϴϬͿ͘WDĂĐƟǀĞůǇƚƌĂŶƐƉŽƌƚƐĂ2+ against the Ca2+ gradient using energy from 
dW͕ ǁŚĞƌĞĂƐƚŚĞĞŶĞƌŐǇŽĨEyŝƐƐƚŽƌĞĚŝŶƚŚĞƚƌĂŶƐŵĞŵďƌĂŶĞEĂ+ gradient. 
Plasma membrane calcium ATPase
dŚĞWDƉƵŵƉďĞůŽŶŐƐƚŽĂůĂƌŐĞĨĂŵŝůǇŽĨWͲƚǇƉĞdWĂƐĞƐ͕ǁŚŝĐŚĂůƐŽĐŽŵƉƌŝƐĞƐƚŚĞ
^ZƉƵŵƉĂŶĚƚŚĞEĂ+/K+dWĂƐĞ;ϴϬͿ͘dŚĞWͲƚǇƉĞdWĂƐĞƐĂƌĞĐŚĂƌĂĐƚĞƌŝǌĞĚďǇƚŚĞŝƌ
ĂďŝůŝƚǇƚŽĂƵƚŽͲĐĂƚĂůǇǌĞƉŚŽƐƉŚŽƌǇůĂƟŽŶŽĨĂŚŝŐŚůǇĐŽŶƐĞƌǀĞĚƐƉƌĞƐŝĚƵĞǁŝƚŚŝŶƚŚĞƉƵŵƉ
;ϴϬͿ͘&ŽƵƌĚŝīĞƌĞŶƚŐĞŶĞƐĞŶĐŽĚĞĨŽƌWDϭͲϰ͕ǁŚŝĐŚĂƌĞĂůƐŽƐƵďũĞĐƚĞĚƚŽĂůƚĞƌŶĂƟǀĞ
ƐƉůŝĐŝŶŐ͕ƌĞƐƵůƟŶŐŝŶĂůĂƌŐĞŶƵŵďĞƌŽĨĚŝīĞƌĞŶƚǀĂƌŝĂŶƚƐ͘ƐĚĞƐĐƌŝďĞĚƉƌĞǀŝŽƵƐůǇ͕ WD
ƉƵŵƉƐĂƌĞƵďŝƋƵŝƚŽƵƐůǇĞǆƉƌĞƐƐĞĚĂŶĚŚĂǀĞĂŚŽƵƐĞŬĞĞƉŝŶŐƌŽůĞƚŽŵĂŝŶƚĂŝŶůŽǁĐǇƚŽƐŽůŝĐ
Ca2+ ůĞǀĞůƐ͘ZĞĐĞŶƚƌĞƐĞĂƌĐŚŽŶƚŚĞƐƉĞĐŝĮĐWD;ƐƉůŝĐĞͿĨŽƌŵƐĂŶĚƟƐƐƵĞĚŝƐƚƌŝďƵƟŽŶ
ƐƵŐŐĞƐƚƐĂĚĚŝƟŽŶĂůƐƉĞĐŝĮĐƌŽůĞƐĨŽƌƚŚĞĚŝīĞƌĞŶƚWDƉƵŵƉƐ;ϭϭϯ͕ϭϭϰͿ͘
dŚĞWDϭŬŶŽĐŬŽƵƚŵŽƵƐĞ͕ĨŽƌĞǆĂŵƉůĞ͕ŝƐĞŵďƌǇŽŶŝĐĂůůǇůĞƚŚĂů͕ƐŚŽǁŝŶŐŝƚƐŝŵƉŽƌƚĂŶĐĞ
ŝŶĞĂƌůǇƐƚĂŐĞƐŽĨĚĞǀĞůŽƉŵĞŶƚ͕ǁŚŝĐŚ ŝƐ ŝŶ ůŝŶĞǁŝƚŚ ŝƚƐŚŽƵƐĞŬĞĞƉŝŶŐ ĨƵŶĐƟŽŶ;ϭϭϱͿ͘
dŚĞWDϮƉƵŵƉƉůĂǇƐĂŶĞƐƐĞŶƟĂů ƌŽůĞ ŝŶ ƚŚĞŚĞĂƌŝŶŐƉƌŽĐĞƐƐĂŶĚŵŝůŬƉƌŽĚƵĐƟŽŶ
ŝŶƚŚĞŵĂŵŵĂƌǇŐůĂŶĚƐ;ϭϭϯ͕ϭϭϲͿ͘WDϯŝƐŚŝŐŚůǇĞǆƉƌĞƐƐĞĚŝŶƚŚĞĐŚŽƌŽŝĚƉůĞǆƵƐ͘/ƚ
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ŵĂǇ͕ ƚŚĞƌĞĨŽƌĞ͕ďĞƌĞƐƉŽŶƐŝďůĞĨŽƌƚŚĞŝŽŶŝĐĐŽŵƉŽƐŝƟŽŶŽĨĐĞƌĞďƌŽƐƉŝŶĂůŇƵŝĚ͕ǁŚŝĐŚŝƐ
ĞƐƐĞŶƟĂůĨŽƌďƌĂŝŶĨƵŶĐƟŽŶĂŶĚĚĞǀĞůŽƉŵĞŶƚ;ϭϭϳͿ͘WDϰ͕ůŝŬĞWDϭ͕ŝƐƵďŝƋƵŝƚŽƵƐůǇ
ĞǆƉƌĞƐƐĞĚĂŶĚƚŚĞƌĞĨŽƌĞ ŝƚǁĂƐƉƌŽƉŽƐĞĚƚŽĞǆĞƌƚĂŚŽƵƐĞŬĞĞƉŝŶŐĨƵŶĐƟŽŶ͘,ŽǁĞǀĞƌ͕ 
ĂďůĂƟŽŶŽĨWDϰŝŶŵŝĐĞĚŝĚŶŽƚƌĞƐƵůƚŝŶĂŶĞǀŝĚĞŶƚƉĂƚŚŽůŽŐŝĐĂůƉŚĞŶŽƚǇƉĞ;ϭϭϰͿ͘/Ŷ
ĨĂĐƚ͕WDϰŚĂƐŵŽƌĞƐƉĞĐŝĂůŝǌĞĚĨƵŶĐƟŽŶƐ͕ƐƵĐŚĂƐĂƌŽůĞŝŶƐƉĞƌŵŵŽƟůŝƚǇ͕ ŵŽĚƵůĂƟŽŶ
of Ca2+ ƐŝŐŶĂůƐŝŶͲůǇŵƉŚŽĐǇƚĞƐĂŶĚĐĂƌĚŝĂĐĐŽŶƚƌĂĐƟůŝƚǇ;ϭϭϰ͕ϭϭϴ͕ϭϭϵͿ͘
ŚĂŶŐĞƐŝŶĞǆƉƌĞƐƐŝŽŶůĞǀĞůƐŽĨƚŚĞĚŝīĞƌĞŶƚWDƉƵŵƉƐŚĂǀĞďĞĞŶĂƐƐŽĐŝĂƚĞĚǁŝƚŚ
ƐĞǀĞƌĂůƉĂƚŚŽůŽŐŝĞƐ͕ŝŶĐůƵĚŝŶŐĐĂŶĐĞƌ͕ ŚĞĂƌƚĚŝƐĞĂƐĞƐĂŶĚŶĞƵƌŽĚĞŐĞŶĞƌĂƟǀĞĚŝƐĞĂƐĞƐŝŶ
ĚŝīĞƌĞŶƚĂŶŝŵĂůŵŽĚĞůƐĂŶĚŚƵŵĂŶƟƐƐƵĞƐ;ϴϬ͕ϭϮϬ͕ϭϮϭͿ͘ĨŽƌŵŽĨŚĞƌĞĚŝƚĂƌǇĚĞĂĨŶĞƐƐ
ŚĂƐďĞĞŶƌĞůĂƚĞĚƚŽŵƵƚĂƟŽŶƐŝŶWDϮŝŶŚƵŵĂŶƐ;ϭϭϯͿ͘ZĞĐĞŶƚůǇĂĨĂŵŝůǇǁĂƐĚĞƐĐƌŝďĞĚ
ŚĂƌďŽƌŝŶŐĂWDϰŵƵƚĂƟŽŶ͕ǁŚŝĐŚƉƌĞƐĞŶƚĞĚǁŝƚŚĨĂŵŝůŝĂůƐƉĂƐƟĐƉĂƌĂƉůĞŐŝĂ͕ĂĚŝƐĞĂƐĞ
ƉƌŝŵĂƌŝůǇĐŚĂƌĂĐƚĞƌŝǌĞĚǁŝƚŚƉƌŽŐƌĞƐƐŝǀĞůŽǁĞƌůŝŵďƐƉĂƐƟĐŝƚǇĂŶĚǁĞĂŬŶĞƐƐ;ϭϮϮͿ͘
/ŶƚŚĞŬŝĚŶĞǇ͕ ƚŚĞŵĂŝŶ ŝƐŽĨŽƌŵƐĂƌĞWDϭďĂŶĚϰď͕ǁŚĞƌĞĞǆƉƌĞƐƐŝŽŶŽĨWDϰŝŶ
ƚŚĞ ŬŝĚŶĞǇ ŝƐ ŚŝŐŚĞƐƚ ŝŶ ƚŚĞ ůĂƚĞ d ĂŶĚ Ed ;ϭϮϯͲϭϮϱͿ͘ dŚĞ ĨƵŶĐƟŽŶĂů ƌŽůĞ ŽĨ ƚŚŝƐ
transporter in the kidney remains to be established. 
DŽůĞĐƵůĂƌĐŚĂƌĂĐƚĞƌŝƐƟĐƐŽĨWD
dŚĞWDƉƵŵƉĐŽŶƐŝƐƚƐŽĨϭϬƚƌĂŶƐŵĞŵďƌĂŶĞĚŽŵĂŝŶƐ͕ ƚǁŽ ůĂƌŐĞ ŝŶƚƌĂĐĞůůƵůĂƌ ůŽŽƉƐ
and both the N- and C-terminus are located in the cytoplasm (Figure 6). The structure 
ĂŶĚ ŶŽŵĞŶĐůĂƚƵƌĞ ŽĨ ƚŚĞ ĚŝīĞƌĞŶƚ ĚŽŵĂŝŶƐ ŝƐ ĚĞĚƵĐĞĚ ĨƌŽŵ ƚŚĞ ^Z ƉƵŵƉ͘ dŚĞ
EͲƚĞƌŵŝŶƵƐƚŽŐĞƚŚĞƌǁŝƚŚƚŚĞĮƌƐƚŝŶƚƌĂĐĞůůƵůĂƌůŽŽƉ͕ďĞƚǁĞĞŶƚƌĂŶƐŵĞŵďƌĂŶĞϮĂŶĚϯ͕ŝƐ
ĐĂůůĞĚƚŚĞ͞ƚƌĂŶƐĚƵĐĞƌĚŽŵĂŝŶ͟ŽƌĚŽŵĂŝŶ͘/ƚŚĂƌďŽƌƐŽŶĞŽĨƚŚĞƚǁŽƐŝƚĞƐƚŚĂƚŵĞĚŝĂƚĞ
ĂĐƟǀĂƟŽŶŽĨWDǀŝĂĂĐŝĚŝĐƉŚŽƐƉŚŽůŝƉŝĚƐ;ϭϮϲͿ͘dŚĞŽƚŚĞƌůĂƌŐĞĐǇƚŽƐŽůŝĐůŽŽƉ;ďĞƚǁĞĞŶ
transmembrane 4 and 5) contains the P- and N-domain. The P-domain contains the 
ĐĂƚĂůǇƟĐĐĞŶƚĞƌƚŚĂƚŝŶĐůƵĚĞƐƚŚĞƉŚŽƐƉŚŽƌǇůĂƚĞĚƐƉƌĞƐŝĚƵĞ͕ĂŶĚƚŚĞEͲĚŽŵĂŝŶŚĂƌďŽƌƐ
ƚŚĞĐŽŶƐĞƌǀĞĚ>ǇƐƚŚĂƚŝƐŝŵƉŽƌƚĂŶƚĨŽƌdWďŝŶĚŝŶŐ͘WDŚĂƐŽŶůǇŽŶĞĂ2+-binding site, 
which explains its stoichiometry of one Ca2+ ĨŽƌŽŶĞŚǇĚƌŽůǇǌĞĚdW;ϭϮϳ͕ϭϮϴͿ͘
dŚĞƐŝƚĞƐŝŶǁŚŝĐŚƚŚĞĂůƚĞƌŶĂƟǀĞƐƉůŝĐŝŶŐŽĐĐƵƌƐ͕ĂƌĞƐŝƚĞĂŶĚ;ŚŽǁĞǀĞƌ͕ WDϭŝƐŶĞǀĞƌ
ƐƉůŝĐĞĚĂƚƐŝƚĞͿ͕ĂŶĚĂůƚŚŽƵŐŚĂůŽƚŽĨĚŝīĞƌĞŶƚǀĂƌŝĂƟŽŶƐĂƌĞƉŽƐƐŝďůĞ͕ŽŶůǇϯϬƐƉůŝĐĞǀĂƌŝĂŶƚƐ
ĂƌĞĐŽŶĮƌŵĞĚĂƚZEŽƌƉƌŽƚĞŝŶůĞǀĞů;ϭϮϵͿ͘^ŝƚĞŝƐůŽĐĂƚĞĚŝŶƚŚĞĮƌƐƚůĂƌŐĞŝŶƚƌĂĐĞůůƵůĂƌ
ůŽŽƉĂƚƚŚĞƌĞŐƵůĂƚŽƌǇďŝŶĚŝŶŐƐŝƚĞĨŽƌĂĐŝĚŝĐƉŚŽƐƉŚŽůŝƉŝĚƐĂŶĚĐŽƵůĚƚŚĞƌĞĨŽƌĞĂīĞĐƚƚŚĞ
ƉŚŽƐƉŚŽůŝƉŝĚƌĞŐƵůĂƟŽŶŽĨĚŝīĞƌĞŶƚWDŝƐŽĨŽƌŵƐ;ϴϬͿ͘^ŝƚĞŝƐůŽĐĂƚĞĚĂƚƚŚĞͲƚĞƌŵŝŶĂů
region within the calmodulin-binding domain. Splicing at this site results in a truncated version 
(a) compared to the full-length variant (b). The truncated version has a reduced response and 
ĂĸŶŝƚǇĨŽƌĂ2+ͲĐĂůŵŽĚƵůŝŶĐŽŵƉĂƌĞĚƚŽƚŚĞĨƵůůͲůĞŶŐƚŚǀĂƌŝĂŶƚĂŶĚĂƐŝŐŶŝĮĐĂŶƚůǇĞůĞǀĂƚĞĚ
ďĂƐĂůĂĐƟǀŝƚǇ;ϭϯϬ͕ϭϯϭͿ͘dŚĞĚŝǀĞƌƐŝƚǇŝŶƚŚĞĚŝīĞƌĞŶƚWDƉƵŵƉƐĂŶĚƐƉůŝĐĞǀĂƌŝĂŶƚƐůĞĂĚƐ
ƚŽĚŝīĞƌĞŶƚĞǆƉƌĞƐƐŝŽŶƉĂƩĞƌŶƐ͕ĐĞůůƵůĂƌůŽĐĂůŝǌĂƟŽŶĂŶĚĂĐƟǀŝƚǇ;ϭϮϳ͕ϭϯϮͿ͘
ZĞŐƵůĂƟŽŶŽĨWD
The Ca2+ ĂĸŶŝƚǇŽĨƵŶƐƟŵƵůĂƚĞĚWDƉƵŵƉƐŝƐƚŽŽůŽǁƚŽďĞĐŽŵĞĂĐƟǀĂƚĞĚďǇĐǇƚŽƐŽůŝĐ
Ca2+ ĐŽŶĐĞŶƚƌĂƟŽŶƐ;ƚŚĞ<ĚŝƐϭϬµDͿ;ϭϮϳͿ͘dŚĞƌĞĨŽƌĞƚŚĞƉƵŵƉŚĂƐƐĞǀĞƌĂů͞ĂĐƟǀĂƟŽŶ͟
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mechanisms increasing the Ca2+ ĂĸŶŝƚǇƵƉƚŽϮϬϬŶD͘dŚĞůŽŶŐͲƚĞƌŵŝŶĂůƌĞŐŝŽŶŽĨƚŚĞ
WDƉƵŵƉƉůĂǇƐĂŶ ŝŵƉŽƌƚĂŶƚ ƌŽůĞ ŝŶ ƚŚŝƐ͘ dŚĞŵĂŝŶ ƌĞŐƵůĂƚŽƌŽĨWD ĨƵŶĐƟŽŶ ŝƐ
calmodulin, which binds at the C-terminal region and to both large intracellular loops. 
This binding results in the removal of the calmodulin binding domain from the inhibitory 
ďŝŶĚŝŶŐƐŝƚĞƐŝŶƚŚĞƉƵŵƉ͕ƌĞůŝĞǀŝŶŐƚŚĞĂƵƚŽͲŝŶŚŝďŝƟŽŶĂŶĚŝŶĐƌĞĂƐŝŶŐƚŚĞĂ2+ ĂĸŶŝƚǇ
ĨƌŽŵϭϬђDƚŽфϭђD;ϭϮϳ͕ϭϯϭͿ͘/ŶĂĚĚŝƟŽŶ͕ŽƚŚĞƌƐƟŵƵůŝƉůĂǇĂƌŽůĞ͕ŝŶĐůƵĚŝŶŐĂĐŝĚŝĐ
ƉŚŽƐƉŚŽůŝƉŝĚƐĂŶĚƉŽůǇƵŶƐĂƚƵƌĂƚĞĚĨĂƩǇĂĐŝĚƐ͕ǁŚŝĐŚďŝŶĚĂƚƚŚĞĮƌƐƚŝŶƚƌĂĐĞůůƵůĂƌůŽŽƉ
ĂŶĚƚŽƚŚĞĐĂůŵŽĚƵůŝŶͲďŝŶĚŝŶŐƐŝƚĞ͘dŚĞŝƌƐƟŵƵůĂƚŽƌǇĞīĞĐƚ ŝƐĞǀĞŶŵŽƌĞƉƌŽŶŽƵŶĐĞĚ
than for calmodulin (Ca2+ ĂĸŶŝƚǇΕϭϬϬŶDͿ;ϭϮϳͿ͘DŽƌĞŽǀĞƌ͕ ƐĞǀĞƌĂůƌĞŐƵůĂƚŽƌǇW<ͬW<
ƉŚŽƐƉŚŽƌǇůĂƟŽŶƐŝƚĞƐĂƌĞ ůŽĐĂƚĞĚ ŝŶ ƚŚĞͲƚĂŝů͕ ƐƵĐŚĂƐ ŝŶ ƚŚĞĐĂůŵŽĚƵůŝŶͲďŝŶĚŝŶŐ ƐŝƚĞ
(127). The Ca2+ͲƐĞŶƐŝƟǀĞƉƌŽƚĞĂƐĞĐĂůƉĂŝŶ͕ĐůĞĂǀĞƐWD͕ƚŚĞƌĞďǇŝƌƌĞǀĞƌƐŝďůǇĂĐƟǀĂƟŶŐ
ƚŚŝƐƉƵŵƉ;ϭϯϯͿ͘ĞƐŝĚĞƐƚŚĞͲƚĞƌŵŝŶĂůƌĞŐŝŽŶ͕ƚŚĞĂŵŝŶŽͲƚĞƌŵŝŶĂůƚĂŝůĐŽŶƚĂŝŶƐĂďŝŶĚŝŶŐ
ƐŝƚĞĨŽƌϭϰͲϯͲϯƉƌŽƚĞŝŶ͕ǁŚŝĐŚŝŶŚŝďŝƚƐƚŚĞĂĐƟǀŝƚǇŽĨƚŚĞWDƉƵŵƉ;ϭϯϰͿ͘ůƚĞƌŶĂƟǀĞ
ƐƉůŝĐŝŶŐŝŶŇƵĞŶĐĞƐƚŚĞĞīĞĐƚŽĨƌĞŐƵůĂƟŶŐĨĂĐƚŽƌƐĞǆƚĞŶƐŝǀĞůǇ͕ ƐŝŶĐĞW<ƐƟŵƵůĂƚĞƐĨŽƌ
ĞǆĂŵƉůĞWDϰďĂĐƟǀŝƚǇ͕ ďƵƚƐŚŽǁƐŶŽĞīĞĐƚŽŶWDϰĂ;ϭϯϭͿ͘
&ŝŐƵƌĞϲͮdŽƉŽůŽŐǇŵŽĚĞůŽĨWD͘WDĐŽŶƐŝƐƚƐŽĨϭϬƚƌĂŶƐŵĞŵďƌĂŶĞĚŽŵĂŝŶƐǁŝƚŚďŽƚŚƚŚĞͲĂŶĚ
EͲƚĞƌŵŝŶĂůƚĂŝůƐŝŶƚŚĞĐǇƚŽƉůĂƐŵ͘/ƚŚĂƐƚǁŽůĂƌŐĞŝŶƚƌĂĐĞůůƵůĂƌůŽŽƉƐ͘dŚĞEͲƚĞƌŵŝŶƵƐĂŶĚƚŚĞůŽŽƉďĞƚǁĞĞŶ
ƚƌĂŶƐŵĞŵďƌĂŶĞϮĂŶĚϯĐŽŶƚĂŝŶƐƚŚĞͲĚŽŵĂŝŶ͘dŚĞŽƚŚĞƌůŽŽƉ͕ďĞƚǁĞĞŶƚƌĂŶƐŵĞŵďƌĂŶĞϰĂŶĚϱ͕ĐŽŶƚĂŝŶƐ
ƚŚĞWͲĚŽŵĂŝŶĂŶĚEͲĚŽŵĂŝŶ͘dŚĞŝŵƉŽƌƚĂŶƚƌĞƐŝĚƵĞƐŶĞĐĞƐƐĂƌǇĨŽƌƚŚĞĐĂƚĂůǇƟĐĚŽŵĂŝŶĂŶĚƚŚĞdWďŝŶĚŝŶŐ
ƉŽƐŝƟŽŶĂƌĞ ŝŶĚŝĐĂƚĞĚǁŝƚŚ͕<ĂŶĚdW͕ ƌĞƐƉĞĐƟǀĞůǇ͘ ǇĂŶďĂŶĚƐĐŽƌƌĞƐƉŽŶĚ ƚŽĂůƚĞƌŶĂƟǀĞ ƐƉůŝĐĞ ƐŝƚĞƐ͘
ĂůŵŽĚƵůŝŶ;ĂDͿ͕ďŝŶĚƐƚŽďŽƚŚŝŶƚƌĂĐĞůůƵůĂƌůŽŽƉƐĂŶĚƚŚĞͲƚĞƌŵŝŶĂůƌĞŐŝŽŶ͘ƉŚŽƐƉŚŽƌǇůĂƟŽŶƐŝƚĞ;WͿŝƐ
ůŽĐĂƚĞĚŝŶƚŚĞĂůƚĞƌŶĂƟǀĞƐƉůŝĐĞƐŝƚĞĂŶĚƚŚĞĐĂůŵŽĚƵůŝŶƐŝƚĞ͘dŽƉŽůŽŐǇŵŽĚĞůďĂƐĞĚŽŶŝ>ĞǀĂet al. (127). 
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Chapter 1
^ŽĚŝƵŵͬĐĂůĐŝƵŵĞǆĐŚĂŶŐĞƌ
The Na+/Ca2+ exchanger NCX is one of the 5 members of the Ca2+ͬĐĂƟŽŶ ĂŶƟƉŽƌƚĞƌ
ƐƵƉĞƌĨĂŵŝůǇ͘ dǁŽĐůƵƐƚĞƌƐŽĨĮǀĞƚŽƐŝǆƚƌĂŶƐŵĞŵďƌĂŶĞĚŽŵĂŝŶƐĐŚĂƌĂĐƚĞƌŝǌĞƚŚŝƐĨĂŵŝůǇ͕ 
ǁŝƚŚĂŶŝŶƚƌĂĐĞůůƵůĂƌůŽŽƉĐŽŶŶĞĐƟŶŐƚŚĞƚǁŽĐůƵƐƚĞƌƐ;ϴϬͿ͘dŚĞSLC8 (NCX) gene family 
ĐŽŶƐŝƐƚƐŽĨƚŚƌĞĞŝƐŽĨŽƌŵƐ͕EyϭͲϯ;ϭϯϱͿ͘EyϭŝƐĂůŵŽƐƚƵďŝƋƵŝƚŽƵƐůǇĞǆƉƌĞƐƐĞĚ͕ǁŚĞƌĞ
NCX2 and NCX3 are predominantly expressed in brain and muscle (80). The role of NCX 
has been studied extensively in the heart, where NCX1 is the predominant variant (136). 
/ŶƚĞƌĞƐƟŶŐůǇ͕ EyϭŬŶŽĐŬŽƵƚŵŝĐĞĂƌĞŶŽƚǀŝĂďůĞƐŝŶĐĞƚŚĞǇĐĂŶŶŽƚƉĞƌĨŽƌŵĂƐƉŽŶƚĂŶĞŽƵƐ
ŚĞĂƌƚďĞĂƚ͕ǁŚŝůĞĐĂƌĚŝĂĐƐƉĞĐŝĮĐEyϭ͘ϭŬŶŽĐŬŽƵƚĂŶŝŵĂůƐĐĂŶůŝǀĞƚŽĂĚƵůƚŚŽŽĚ;ϭϯϳ͕ϭϯϴͿ͘
The kidney mainly expresses NCX1, although recently NCX2 expression was also shown 
ŝŶƚŚĞdĂŶĚEd;ϭϯϵͿ͘'ŽƚŽŚet al. demonstrated the presence of hypercalciuria and 
natriureses in NCX2 knockout animals, implying a possible role for NCX2 in the kidney 
;ϭϯϵͿ͘ /ŶĂĚĚŝƟŽŶ͕EyϮŬŶŽĐŬŽƵƚĂŶŝŵĂůƐƐŚŽǁĞĚĞŶŚĂŶĐĞĚƉĞƌĨŽƌŵĂŶĐĞ ŝŶĚŝīĞƌĞŶƚ
ŚŝƉƉŽĐĂŵƉƵƐͲĚĞƉĞŶĚĞŶƚ ůĞĂƌŶŝŶŐ ĂŶĚŵĞŵŽƌǇ ƚĂƐŬƐ ;ϭϰϬͿ͘ ďůĂƟŽŶ ŽĨ Eyϯ ŝŶŵŝĐĞ
ƌĞƐƵůƚĞĚŝŶƌĞĚƵĐĞĚŵŽƚŽƌĂĐƟǀŝƚǇĂŶĚƐŬĞůĞƚĂůŵƵƐĐůĞĚĞĨĞĐƚƐ;ϭϰϭͿ͘
EŽŐĞŶĞƟĐĚŝƐĞĂƐĞ ŝƐ ƌĞůĂƚĞĚ ƚŽEyƵŶƟůŶŽǁ͕ŚŽǁĞǀĞƌ͕  ŝƚŚĂƐďĞĞŶĂƐƐŽĐŝĂƚĞĚǁŝƚŚ
ĚŝƐĞĂƐĞƐ͘EyĚĞĮĐŝĞŶĐŝĞƐŚĂǀĞďĞĞŶ ƐƵŐŐĞƐƚĞĚ ƚŽƉůĂǇĂ ƌŽůĞ ŝŶ ĐĂƌĚŝĂĐĂƌƌŚǇƚŚŵŝĂƐ
ĂŶĚŝŶŝƐĐŚĞŵŝĂͬƌĞƉĞƌĨƵƐŝŽŶŝŶũƵƌǇ;ϴϬͿ͘DŽƌĞŽǀĞƌƚƌĂŶƐĐƌŝƉƟŽŶĂůĞǆƉƌĞƐƐŝŽŶŽĨEyǁĂƐ
increased in cardiac hypertrophy, ischemia and failure, although it is unclear if this is a 
ĐĂƵƐĞŽƌĂŶĂĚĂƉƟǀĞŵĞĐŚĂŶŝƐŵŽĨƚŚĞƐĞƉĂƚŚŽůŽŐŝĞƐ;ϭϰϮͿ͘
DŽůĞĐƵůĂƌĐŚĂƌĂĐƚĞƌŝƐƟĐƐŽĨEy
EyĐŽŶƐŝƐƚƐŽĨϭϬƚƌĂŶƐŵĞŵďƌĂŶĞĚŽŵĂŝŶƐǁŝƚŚĂůĂƌŐĞŝŶƚƌĂĐĞůůƵůĂƌůŽŽƉŽĨĂƌŽƵŶĚΕϱϬϬ
residues between transmembrane domain 5 and 6 (Figure 7). The short N- and C-termini 
ĂƌĞĚŝƌĞĐƚĞĚƚŽǁĂƌĚƐƚŚĞĞǆƚƌĂĐĞůůƵůĂƌƐƉĂĐĞ͕ĂŶĚŝƚŚĂƐĂƐŝŶŐůĞEͲůŝŶŬĞĚŐůǇĐŽƐǇůĂƟŽŶƐŝƚĞ
(143,144). NCX1 likely exists as a dimer in the plasma membrane and it contains two regions 
ŽĨ ŝŶƚĞƌŶĂůƌĞƉĞĂƚƐ͕ŶĂŵĞůǇɲϭĂŶĚɲϮ͕ǁŚŝĐŚĂƌĞ ŝŶǀŽůǀĞĚ ŝŶ ŝŽŶďŝŶĚŝŶŐĂŶĚƚƌĂŶƐƉŽƌƚ
(145). The intracellular loop has two Ca2+ͲďŝŶĚŝŶŐĚŽŵĂŝŶƐ;ϭĂŶĚϮͿ;ϭϰϲͿ͘ϭŝƐ
the primary sensor for cytosolic Ca2+, and detects small intracellular Ca2+ changes. The Ca2+-
ďŝŶĚŝŶŐƌĞƐƵůƚƐ ŝŶ ůĂƌŐĞƐƚƌƵĐƚƵƌĂůĂůƚĞƌĂƟŽŶƐ͕ĂĐƟǀĂƟŶŐƚŚĞĞǆĐŚĂŶŐĞƌ͘ ϮŽŶůǇďŝŶĚƐ
Ca2+ at higher Ca2+ ĐŽŶĐĞŶƚƌĂƟŽŶƐĂŶĚ ƐŚŽǁƐĂ ƐŵĂůů ĐŽŶĨŽƌŵĂƟŽŶĂů ĐŚĂŶŐĞ ;ϭϰϳ͕ϭϰϴͿ͘
NCX exchanges one Ca2+ against three Na+͘/ŶƚŚĞĨŽƌǁĂƌĚŵŽĚĞ͕ǁŚŝĐŚŝƐƚŚĞĐŽŶƐƟƚƵƟǀĞ
mode, Ca2+ is extruded from the cell. However, it is possible to change the transporter into 
the reverse, Na+ extruding, mode, depending on the Na+ and Ca2+ ĐŽŶĐĞŶƚƌĂƟŽŶŐƌĂĚŝĞŶƚƐ
ĂĐƌŽƐƐƚŚĞƉůĂƐŵĂŵĞŵďƌĂŶĞĂŶĚƌĞƐƟŶŐŵĞŵďƌĂŶĞƉŽƚĞŶƟĂů;ϭϰϵͿ͘
EyϭŝƐƐƵďũĞĐƚĞĚƚŽĂůƚĞƌŶĂƟǀĞƐƉůŝĐŝŶŐĂƚƚǁŽƐŝƚĞƐŝŶƚŚĞŐĞŶĞ͘KŶĞŝƐůŽĐĂƚĞĚĂƚƚŚĞ
‘5-untrunslated region, but does not change the structure of the mature protein. The 
ŽƚŚĞƌƐŝƚĞĐŽƌƌĞƐƉŽŶĚƐƚŽƚŚĞĐǇƚŽƐŽůŝĐůŽŽƉ͕ĂƚƚŚĞϮ͘dŚŝƐůĞĂĚƐƚŽƚŚĞŝŶƚƌŽĚƵĐƟŽŶ
ŽĨ ϱ ĚŝīĞƌĞŶƚ ĞǆŽŶƐ ;Ͳ&Ϳ͕ ǁŚĞƌĞ ĞǆŽŶ  ĂŶĚ  ĂƌĞ ŵƵƚƵĂůůǇ ĞǆĐůƵƐŝǀĞ͘ ǆŽŶ  ŝƐ
ƉƌĞĚŽŵŝŶĂŶƚůǇĞǆƉƌĞƐƐĞĚŝŶĞǆĐŝƚĂďůĞƟƐƐƵĞ͕ƐƵĐŚĂƐďƌĂŝŶ͕ĂŶĚĞǆŽŶŝŶŶŽŶͲĞǆĐŝƚĂďůĞ
ƟƐƐƵĞ͕ƐƵĐŚĂƐŬŝĚŶĞǇ;ϭϰϲ͕ϭϱϬ͕ϭϱϭͿ͘^ŝŶĐĞƚŚĞƐƉůŝĐĞǀĂƌŝĂŶƚĐĂƐƐĞƩĞŝƐůŽĐĂƚĞĚĂƚϮ͕
ŝƚ ĐĂŶŵŽĚŝĨǇ ƚŚĞ ĂĸŶŝƚǇ ĨŽƌ Ă2+ binding (152). Moreover, NCX1 expression appears 
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ƚŽďĞƌĞŐƵůĂƚĞĚďǇƚŚƌĞĞƟƐƐƵĞͲƐƉĞĐŝĮĐƉƌŽŵŽƚĞƌƐ;ϭϱϯͿ͘ /ŶƚŚĞŬŝĚŶĞǇ͕ ƐƉůŝĐĞǀĂƌŝĂŶƚƐ
Eyϭ͘Ϯ;ĞǆŽŶƐͿ͕Eyϭ͘ϯ;ĞǆŽŶƐͿĂŶĚEyϭ͘ϳ;ĞǆŽŶƐ&ͿŚĂǀĞďĞĞŶŝĚĞŶƟĮĞĚ͕
where NCX1.3 seems to be the predominant variant (150,151,154). 
ZĞŐƵůĂƟŽŶŽĨEyϭ
NCX exchanges Na+ and Ca2+͕ ďƵƚďŽƚŚ ŝŽŶƐĂůƐŽ ĐĂŶĂīĞĐƚ ƚŚĞ ĨƵŶĐƟŽŶŽĨEy ŝƚƐĞůĨ͘ 
ƌŝƐĞ ŝŶ ŝŶƚƌĂĐĞůůƵůĂƌEĂ+ ŝŶĂĐƟǀĂƚĞƐEyϭ͕ǁŚŝůĞĂƌŝƐĞ ŝŶ ŝŶƚƌĂĐĞůůƵůĂƌĂ2+ ĂĐƟǀĂƚĞƐ ŝƚ
;ϭϱϮͿ͘ƐĚĞƐĐƌŝďĞĚƉƌĞǀŝŽƵƐůǇ͕ ƚŚĞƌĞƐƉŽŶƐĞƐŽŶĂ2+ and Na+ can vary per splice variant. 
&ŽƌĞǆĂŵƉůĞ͕ƚŚĞƌĞŶĂůǀĂƌŝĂŶƚEyϭ͘ϯ;ĞǆŽŶƐͿŝƐŵŽƌĞƐƵƐĐĞƉƟďůĞƚŽŝŶƚƌĂĐĞůůƵůĂƌEĂ+ 
ŝŶĂĐƟǀĂƟŽŶĐŽŵƉĂƌĞĚƚŽƚŚĞďƌĂŝŶǀĂƌŝĂŶƚEyϭ͘ϰ;ĞǆŽŶƐͿ;ϭϱϲͿ͘
dŚĞĮƌƐƚƉĂƌƚŽĨƚŚĞŝŶƚƌĂĐĞůůƵůĂƌůŽŽƉĐŽŶƚĂŝŶƐĂƐŽͲĐĂůůĞĚy/W;ĞǆĐŚĂŶŐĞŝŶŚŝďŝƚŽƌƉĞƉƟĚĞͿ
ƐĞƋƵĞŶĐĞ;ϭϱϳͿ͘dŚĞĂĚĚŝƟŽŶŽĨĂƉĞƉƟĚĞǁŝƚŚƚŚĞy/WƐĞƋƵĞŶĐĞŝŶŚŝďŝƚƐEyϭ͘dŚĞy/W
region is probably involved in Na+ ĂŶĚW/W2ƌĞŐƵůĂƟŽŶ;ϭϱϳͲϭϱϵͿ͘DŽƌĞŽǀĞƌ͕ ƚŚĞƌĞŐŝŽŶǁĂƐ
ƐƵŐŐĞƐƚĞĚƚŽďĞĂĐĂůŵŽĚƵůŝŶͲďŝŶĚŝŶŐƌĞŐŝŽŶ͕ĂŶĚŝŶĚĞĞĚ͕ƚŚĞy/WƉĞƉƟĚĞŝƐĂďůĞƚŽŝŶƚĞƌĂĐƚ
&ŝŐƵƌĞ ϳ ͮ dŽƉŽůŽŐǇŵŽĚĞů ŽĨEyϭ͘ NCX1 consists of 10 transmembrane domains with the N and 
ͲƚĞƌŵŝŶĂůƌĞŐŝŽŶŝŶƚŚĞĞǆƚƌĂĐĞůůƵůĂƌƐƉĂĐĞ͘/ƚĐŽŶƚĂŝŶƐĂůĂƌŐĞĐǇƚŽƐŽůŝĐůŽŽƉďĞƚǁĞĞŶƚƌĂŶƐŵĞŵďƌĂŶĞ
5 and 6, which contains two Ca2+ͲďŝŶĚŝŶŐĚŽŵĂŝŶƐ;ϭĂŶĚϮͿ͘dŚĞĞǆĐŚĂŶŐĞƌŝŶŚŝďŝƚŽƌǇƉĞƉƟĚĞ
;y/WͿƉŽƐŝƟŽŶŝƐƐŚŽǁŶĂƐĂďůƵĞŽǀĂůĂŶĚƚŚĞƐƵŐŐĞƐƚĞĚĐĂůŵŽĚƵůŝŶͲďŝŶĚŝŶŐƐŝƚĞŝƐŝŶůŝŐŚƚďůƵĞ;ĂDͿ͘
dŚĞĐǇĂŶďĂŶĚĐŽƌƌĞƐƉŽŶĚƐƚŽƚŚĞĂůƚĞƌŶĂƟǀĞƐƉůŝĐŝŶŐƌĞŐŝŽŶĂŶĚƚŚĞƐŝŶŐůĞEͲůŝŶŬĞĚŐůǇĐŽƐǇůĂƟŽŶƐŝƚĞŝƐ
shown as a red tree. Topology model based on Chou et al. (155). 
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Chapter 1
with calmodulin. (157). Recently, binding of calmodulin to NCX1 was demonstrated, 
ŚŽǁĞǀĞƌ͕ ƚŚŝƐǁĂƐƚŽƚŚĞŝŶƚƌĂĐĞůůƵůĂƌůŽŽƉĂŶĚŶŽƚƚŚĞy/WƌĞŐŝŽŶ;ϭϱϱͿ͘dŚĞƌĞĨŽƌĞ͕ƚŚĞĞǆĂĐƚ
ƌŽůĞŽĨƚŚĞy/WƌĞŐŝŽŶŝŶĐĂůŵŽĚƵůŝŶƌĞŐƵůĂƟŽŶŚĂƐƚŽďĞĨƵƌƚŚĞƌŝŶǀĞƐƟŐĂƚĞĚ͘ĂůŵŽĚƵůŝŶ
ǁĂƐ ƐƵŐŐĞƐƚĞĚ ƚŽƉůĂǇ Ă ƌŽůĞ ŝŶŵĞŵďƌĂŶĞ ůŽĐĂůŝǌĂƟŽŶĂŶĚ ĐŚĂŶŶĞů ĂĐƟǀŝƚǇ ;ϭϱϱͿ͘ dŚĞ
ƉƌŽƚĞĂƐĞĐĂůƉĂŝŶ ŝŶĂĐƟǀĂƚĞƐEyϭďǇĐůĞĂǀĂŐĞ ;ϭϲϬͿ͘&ƵƌƚŚĞƌŵŽƌĞ͕Eyϭ ŝƐ ƐĞŶƐŝƟǀĞ ƚŽ
ĐǇƚŽƐŽůŝĐ Ɖ, ĐŚĂŶŐĞƐ͕ dW͕  ƉŚŽƐƉŚŽůĞŵŵĂŶ͕ ϭϰͲϯͲϯ ƉƌŽƚĞŝŶ ĂŶĚ W/W2 (159,161-163). 
dŚĞ ůĂƩĞƌ ƐŝŐŶĂůŝŶŐŵŽůĞĐƵůĞ ŝƐ ŝŶǀŽůǀĞĚ ŝŶ ƌĞŐƵůĂƟŶŐĂ ƌĂŶŐĞŽĨĚŝīĞƌĞŶƚ ƚƌĂŶƐƉŽƌƚĞƌƐ͕
ŝŶĐůƵĚŝŶŐWDĂŶĚdZWsϱ;ϭϲϰ͕ϭϲϱͿ͘ /ŶĂĚĚŝƟŽŶ͕ƉŚŽƐƉŚŽƌǇůĂƟŽŶǀŝĂW<ĂŶĚͬŽƌW<
ƐƟŵƵůĂƚĞƐEyϭ͕ŚŽǁĞǀĞƌ͕ ƚŚŝƐǁĂƐŶŽƚĂůǁĂǇƐĐŽŶƐŝƐƚĞŶƚ͘dŚĞǀĂƌŝĂďůĞƉŚŽƐƉŚŽƌǇůĂƟŽŶ
ƌĞƐƉŽŶƐĞƐƐƵŐŐĞƐƚĂŶŝŶĚŝƌĞĐƚƌĞŐƵůĂƟŽŶ͕ǁŚŝĐŚĐŽƵůĚďĞŵĞĚŝĂƚĞĚďǇŝŶƚĞƌĂĐƟŽŶƐǁŝƚŚ
other proteins in macromolecular complexes (166-168). Furthermore, the splice variants 
ĂƌĞƉŚŽƐƉŚŽƌǇůĂƚĞĚĚŝīĞƌĞŶƚůǇ͘ &ŽƌĞǆĂŵƉůĞ͕W<ĂĐƟǀĂƚĞƐEyϭŝŶǀĂƌŝĂŶƚƐĚĞƌŝǀĞĚĨƌŽŵ
ĞǆŽŶ͕ǁŚŝůĞǀĂƌŝĂŶƚƐƌĞƐƵůƟŶŐĨƌŽŵĞǆŽŶĚŽŶŽƚƌĞƐƉŽŶĚƚŽW<;ϭϲϵͿ͘
Outline of thesis
Chronic kidney disease is a worldwide health problem and the costs for CKD-related 
ŵŽƌďŝĚŝƚǇ ĂŶĚ ƌĞŶĂů ƌĞƉůĂĐĞŵĞŶƚ ƚŚĞƌĂƉǇ ĂƌĞ ĞǆĐĞĞĚŝŶŐůǇ ŚŝŐŚ͘ /ƚ ŝƐ͕ ƚŚĞƌĞĨŽƌĞ͕
ŝŵƉŽƌƚĂŶƚƚŽŐĂŝŶŵŽƌĞŬŶŽǁůĞĚŐĞŽŶƚŚĞĚĞǀĞůŽƉŵĞŶƚĂŶĚƉŽƐƐŝďůĞŝŶƚĞƌǀĞŶƟŽŶƐŽĨ
ƚŚŝƐĐŽŶĚŝƟŽŶ͘/ŶƚŚŝƐƚŚĞƐŝƐ͕ǁĞĂŝŵƚŽŝŶǀĞƐƟŐĂƚĞƚŚĞƌŽůĞŽĨƚŚĞ&'&ϮϯͲŬůŽƚŚŽͲǀŝƚĂŵŝŶ
axis in health and CKD, with a special emphasis on klotho and renal Ca2+ ŚĂŶĚůŝŶŐ͘ŶŝŵĂů
ŵŽĚĞůƐ ĂƌĞ ĨƌĞƋƵĞŶƚůǇ ƵƐĞĚ ƚŽ ƐƚƵĚǇ ŬŝĚŶĞǇ ĚŝƐĞĂƐĞƐ ĂŶĚ ƐĞǀĞƌĂů ǁĞůůͲĐŚĂƌĂĐƚĞƌŝǌĞĚ
<ŵŽĚĞůƐĂƌĞĂǀĂŝůĂďůĞ͘ /Ŷchapter 2ǁĞ ŝŶǀĞƐƟŐĂƚĞĚƚŚĞƌŽůĞŽĨ ƚŚĞ&'&ϮϯͲŬůŽƚŚŽͲ
vitamin D axis in animal models developing CKD and we compared the obtained results 
ƚŽƚŚĞĐůŝŶŝĐĂůĚĂƚĂ͘dǁŽĚŝīĞƌĞŶƚ<ŵŝĐĞŵŽĚĞůƐǁĞƌĞƵƐĞĚ͗ƚŚĞϱͬϲth nephrectomy 
model, in which 5/6th of the kidney mass is removed, and an adenine diet-model, which 
ĐĂƵƐĞƐŬŝĚŶĞǇĚĂŵĂŐĞĚƵĞƚŽƉƌĞĐŝƉŝƚĂƟŽŶƐŝŶƌĞŶĂůƚƵďƵůĞƐŽĨƚŚĞŝŶƐŽůƵďůĞŵĞƚĂďŽůŝƚĞ
ŽĨĂĚĞŶŝŶĞ͘ŽƚŚŵŽĚĞůƐǁĞƌĞĂŶĂůǇǌĞĚǁŝƚŚƌĞŐĂƌĚƚŽƚŚĞĂ2+ and Pi balance and the 
&'&ϮϯͲŬůŽƚŚŽͲǀŝƚĂŵŝŶĂǆŝƐ͘ dŚĞĂŶƟͲĂŐŝŶŐŚŽƌŵŽŶĞŬůŽƚŚŽ ŝƐ ŝŵƉŽƌƚĂŶƚŶŽƚŽŶůǇ ŝŶ
ƚŚŝƐĂǆŝƐ͕ďƵƚĂůƐŽŝŶŽƚŚĞƌƉĂƚŚǁĂǇƐ;ϯϯ͕ϰϬ͕ϲϬͿ͘dŚĞĞǆĂĐƚĨƵŶĐƟŽŶŽĨŵĞŵďƌĂŶĞͲďŽƵŶĚ
ŬůŽƚŚŽĂŶĚƐŽůƵďůĞŬůŽƚŚŽŝƐƐƟůůŶŽƚĨƵůůǇƵŶĚĞƌƐƚŽŽĚŝŶŚĞĂůƚŚĂŶĚĚŝƐĞĂƐĞ͘/Ŷchapter 
3 ƚŚĞĞǆĂĐƚ ůŽĐĂůŝǌĂƟŽŶŽĨŵĞŵďƌĂŶĞͲďŽƵŶĚŬůŽƚŚŽ ŝŶƚŚĞĐĞůů ŝƐ ŝŶǀĞƐƟŐĂƚĞĚĂŶĚƚŚĞ
involved sheddases and cleavage of klotho. To this end, klotho shedding was inhibited 
both ŝŶǀŝƚƌŽ and ŝŶǀŝǀŽ. Since it has been suggested that soluble klotho might be an 
ŝŵƉŽƌƚĂŶƚďŝŽŵĂƌŬĞƌĨŽƌĞĂƌůǇĚĞƚĞĐƟŽŶŽĨ<͕ŝƚƐŵĞĂƐƵƌĞŵĞŶƚŵŝŐŚƚďĞŝŵƉŽƌƚĂŶƚ͘
,ŽǁĞǀĞƌ͕ ĂƌĞůŝĂďůĞĚĞƚĞĐƟŽŶŵĞƚŚŽĚƚŽƋƵĂŶƟĨǇƐŽůƵďůĞŬůŽƚŚŽŝŶƐĞƌƵŵŽƌƵƌŝŶĞŶĞĞĚƐ
ƚŽďĞĚĞǀĞůŽƉĞĚ͘dŚĞĮƌƐƚ ƐƚĞƉƐ ƚŽǁĂƌĚĂĐŽŶƐŝƐƚĞŶƚĚĞƚĞĐƟŽŶŵĞƚŚŽĚĂƌĞĚŝƐĐƵƐƐĞĚ
in chapter 4͘^ŝŶĐĞ<ŝƐůŝŶŬĞĚƚŽǀĂƐĐƵůĂƌĐĂůĐŝĮĐĂƟŽŶƐ͕ƚŚĞƌĞŐƵůĂƟŽŶŽĨƚŚĞƐĞƌƵŵ
Pi and Ca
2+ ĐŽŶĐĞŶƚƌĂƟŽŶƐŝƐŚŝŐŚůǇƌĞůĞǀĂŶƚ͘dŚĞŬŝĚŶĞǇƉůĂǇƐĂŬĞǇƌŽůĞŝŶƚŚŝƐĚĞůŝĐĂƚĞ
ƌĞŐƵůĂƟŽŶ͕ĂŶĚĨŽƌĂ2+ ŵĂŝŶůǇƚŚĞĚŝƐƚĂůƉĂƌƚŽĨƚŚĞŶĞƉŚƌŽŶŝƐŝŵƉŽƌƚĂŶƚ͘,ĞƌĞ͕dZWsϱ͕
calbindin-D28K͕ Eyϭ ĂŶĚ WDϭ ŚĂǀĞ ďĞĞŶ ĞǆƚĞŶƐŝǀĞůǇ ƐƚƵĚŝĞĚ ĂƐ ƚŚĞ ŝŶƐƚƌƵŵĞŶƚĂů
Ca2+ ƚƌĂŶƐƉŽƌƟŶŐƉƌŽƚĞŝŶƐ͘ZĞĐĞŶƚĮŶĚŝŶŐƐ͕ŚŽǁĞǀĞƌ͕ ƐƵŐŐĞƐƚĞĚĂŶĞǁƌŽůĞĨŽƌWDϰ
in renal Ca2+ handling. The aim of chapter 5ǁĂƐ͕ ƚŚĞƌĞĨŽƌĞ͕ ƚŽĚĞůŝŶĞĂƚĞƚŚĞ ĨƵŶĐƟŽŶ
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of this Ca2+ pump in Ca2+ homeostasis. Here, the Ca2+ balance and Ca2+-related genes 
ǁĞƌĞĂŶĂůǇǌĞĚ ŝŶWDϰŬŶŽĐŬŽƵƚŵŝĐĞ͘dŚĞŽƚŚĞƌďĂƐŽůĂƚĞƌĂůĞǆƚƌƵƐŝŽŶŵĞĐŚĂŶŝƐŵ͕
Eyϭ͕ ŚĂƐ Ă ƌĂŶŐĞŽĨ ĚŝīĞƌĞŶƚ ǀĂƌŝĂŶƚƐ͕ǁŝƚŚ ƚŚĞŝƌ ŽǁŶ ĐŚĂƌĂĐƚĞƌŝƐƟĐƐ͘ /Ŷ ƚŚĞ ŬŝĚŶĞǇ
NCX1.3 is the predominant form and in chapter 6͕ƚŚĞĨƵŶĐƟŽŶĂŶĚƌŽůĞŽĨƚŚŝƐŝƐŽĨŽƌŵ
ŝƐŝŶǀĞƐƟŐĂƚĞĚŝŶŵŽƌĞĚĞƚĂŝů͘&ŝŶĂůůǇ͕ ƚŚĞŽǀĞƌĂůůƌĞƐƵůƚƐĂŶĚŝŵƉůŝĐĂƟŽŶƐŽĨŵǇƐƚƵĚŝĞƐ
performed in this thesis are summarized and discussed in chapter 7. 
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Chapter 2
Abstract 
/ŵƉĂŝƌĞĚ ŵŝŶĞƌĂů ŚŽŵĞŽƐƚĂƐŝƐ ĂŶĚ ŝŶŇĂŵŵĂƟŽŶ ĂƌĞ ŚĂůůŵĂƌŬƐ ŽĨ ĐŚƌŽŶŝĐ ŬŝĚŶĞǇ
ĚŝƐĞĂƐĞ;<Ϳ͕ǇĞƚƚŚĞƵŶĚĞƌůǇŝŶŐŵĞĐŚĂŶŝƐŵƐŽĨĞůĞĐƚƌŽůǇƚĞƌĞŐƵůĂƟŽŶĚƵƌŝŶŐ<ĂƌĞ
ƐƟůůƵŶĐůĞĂƌ͘ ,ĞƌĞ͕ǁĞĂƉƉůŝĞĚ ƚǁŽĚŝīĞƌĞŶƚŵƵƌŝŶĞŵŽĚĞůƐ͕ƉĂƌƟĂůŶĞƉŚƌĞĐƚŽŵǇĂŶĚ
ĂĚĞŶŝŶĞͲĞŶƌŝĐŚĞĚĚŝĞƚĂƌǇ ŝŶƚĞƌǀĞŶƟŽŶ͕ ƚŽ ŝŶĚƵĐĞŬŝĚŶĞǇĨĂŝůƵƌĞĂŶĚƚŽ ŝŶǀĞƐƟŐĂƚĞƚŚĞ
ƐƵďƐĞƋƵĞŶƚŝŵƉĂĐƚŽŶƐǇƐƚĞŵŝĐĂŶĚůŽĐĂůƌĞŶĂůĨĂĐƚŽƌƐŝŶǀŽůǀĞĚŝŶĂ2+ and PiƌĞŐƵůĂƟŽŶ͘
Our results demonstrated that both experimental models induce features of CKD, as 
ƌĞŇĞĐƚĞĚďǇƵƌĞŵŝĂ͕ĂŶĚĞůĞǀĂƚĞĚƌĞŶĂůŶĞƵƚƌŽƉŚŝůŐĞůĂƟŶĂƐĞͲĂƐƐŽĐŝĂƚĞĚůŝƉŽĐĂůŝŶ;E'>Ϳ
ĞǆƉƌĞƐƐŝŽŶ͘ /Ŷ ŽƵƌŵŽĚĞů ŬŝĚŶĞǇ ĨĂŝůƵƌĞǁĂƐ ĂƐƐŽĐŝĂƚĞĚǁŝƚŚ ƉŽůǇƵƌŝĂ͕ ŚǇƉĞƌĐĂůĐĞŵŝĂ
and elevated urinary Ca2+ ĞǆĐƌĞƟŽŶ͘ /Ŷ ĂĐĐŽƌĚĂŶĐĞ͕ < ĂƵŐŵĞŶƚĞĚ ƐǇƐƚĞŵŝĐ Wd,
ĂŶĚ ĂīĞĐƚĞĚ ƚŚĞ &'&ϮϯͲɲŬůŽƚŚŽͲǀŝƚĂŵŝŶͲ ĂǆŝƐ ďǇ ĞůĞǀĂƟŶŐ ĐŝƌĐƵůĂƚŽƌǇ &'&Ϯϯ ůĞǀĞůƐ
and reducing renal ɲŬůŽƚŚŽĞǆƉƌĞƐƐŝŽŶ͘ /ŶƚĞƌĞƐƟŶŐůǇ͕ ƌĞŶĂů&'&ϮϯĞǆƉƌĞƐƐŝŽŶǁĂƐĂůƐŽ
ŝŶĚƵĐĞĚďǇŝŶŇĂŵŵĂƚŽƌǇƐƟŵƵůŝĚŝƌĞĐƚůǇ͘ZĞŶĂůĞǆƉƌĞƐƐŝŽŶŽĨǇƉϮϳďϭ͕ďƵƚŶŽƚǇƉϮϰĂϭ͕
and blood levels of 1,25-dihydroxy vitamin D3 ǁĞƌĞ ƐŝŐŶŝĮĐĂŶƚůǇ ĞůĞǀĂƚĞĚ ŝŶ ďŽƚŚ
models. Furthermore, kidney failure was characterized by enhanced renal expression 
ŽĨ ƚŚĞ ƚƌĂŶƐŝĞŶƚ ƌĞĐĞƉƚŽƌ ƉŽƚĞŶƟĂů ĐĂƟŽŶ ĐŚĂŶŶĞů ƐƵďĨĂŵŝůǇ s ŵĞŵďĞƌ ϱ ;dZWsϱͿ͕
calbindin-D28k, and sodium-dependent Pi ƚƌĂŶƐƉŽƌƚĞƌ ƚǇƉĞ Ϯď ;EĂWŝͲ//ďͿ͕ ǁŚĞƌĞĂƐ ƚŚĞ
renal expression of sodium-dependent Pi ƚƌĂŶƐƉŽƌƚĞƌ ƚǇƉĞ ϮĂ ;EĂWŝͲ//ĂͿ ĂŶĚ ƚǇƉĞ ϯ
;WŝƚϮͿǁĞƌĞƌĞĚƵĐĞĚ͘dŽŐĞƚŚĞƌ͕ ŽƵƌĚĂƚĂŝŶĚŝĐĂƚĞƐƚǁŽĚŝīĞƌĞŶƚŵŽĚĞůƐŽĨĞǆƉĞƌŝŵĞŶƚĂů
ŬŝĚŶĞǇĨĂŝůƵƌĞĐŽŵƉĂƌĂďůǇĂƐƐŽĐŝĂƚĞǁŝƚŚĚŝƐƚƵƌďĞĚ&'&ϮϯͲɲŬůŽƚŚŽͲǀŝƚĂŵŝŶͲƐŝŐŶĂůůŝŶŐ
ĂŶĚĂĚĞƌĞŐƵůĂƚĞĚĞůĞĐƚƌŽůǇƚĞŚŽŵĞŽƐƚĂƐŝƐ͘DŽƌĞŽǀĞƌ͕ ƚŚŝƐƐƚƵĚǇŝĚĞŶƟĮĞƐůŽĐĂůƚƵďƵůĂƌ͕ 
ƉŽƐƐŝďůǇ ŝŶŇĂŵŵĂƟŽŶͲ Žƌ Wd,Ͳ ĂŶĚͬŽƌ &'&ϮϯͲĂƐƐŽĐŝĂƚĞĚ͕ ĂĚĂƉƟǀĞ ŵĞĐŚĂŶŝƐŵƐ͕
ŝŵƉĂĐƟŶŐŽŶĂ2+/PiŚŽŵĞŽƐƚĂƐŝƐ͕ŚĞŶĐĞĞŶĂďůŝŶŐŶĞǁŽƉƉŽƌƚƵŶŝƟĞƐƚŽƚĂƌŐĞƚĞůĞĐƚƌŽůǇƚĞ
ĚŝƐƚƵƌďĂŶĐĞƐƚŚĂƚĞŵĞƌŐĞĂƐĂĐŽŶƐĞƋƵĞŶĐĞŽĨ<ĚĞǀĞůŽƉŵĞŶƚ͘
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2
/ŶƚƌŽĚƵĐƟŽŶ
Chronic kidney disease (CKD) is a major public health issue with a high prevalence 
ĐƵƌƌĞŶƚůǇĂīĞĐƟŶŐŵŝůůŝŽŶƐŽĨƉĞŽƉůĞǁŽƌůĚǁŝĚĞ;ϭͿ͘<ƌĞƐƵůƚƐŝŶĂƐŝŐŶŝĮĐĂŶƚŵŽƌďŝĚŝƚǇ
and mortality and highly associates with the development of cardiovascular events, the 
ƉƌŝŵĂƌǇĐĂƵƐĞŽĨĚĞĂƚŚ ŝŶ<ƉĂƟĞŶƚƐ ;ϮͲϰͿ͘ƉƌŽŵŝŶĞŶƚŚĂůůŵĂƌŬŽĨ<ƚŚĂƚŵĂǇ
contribute to this increased risk is a disturbed electrolyte homeostasis, including calcium 
(Ca2+) and phosphorus (PiͿĚĞƌĞŐƵůĂƟŽŶ;ϱͿ͘WŚǇƐŝŽůŽŐŝĐĂůĂ2+ and Pi levels in the blood 
are maintained by complex endocrine systems comprising the parathyroid hormone 
;Wd,ͿĂŶĚƉŚŽƐƉŚĂƚƵƌŝĐŚŽƌŵŽŶĞ&ŝďƌŽďůĂƐƚ'ƌŽǁƚŚ&ĂĐƚŽƌϮϯ ;&'&ϮϯͿĂŶĚǀŝƚĂŵŝŶ
ƐǇƐƚĞŵ;ϲͲϴͿ͘Wd,ĂŶĚ&'&ϮϯŝŶŚŝďŝƚƌĞŶĂůWiƌĞĂďƐŽƌƉƟŽŶĂŶĚĂƌĞƚŚĞƉƌŝŵĂƌǇƌĞŐƵůĂƚŽƌƐ
ŽĨƌĞŶĂůϭ͕ϮϱͲĚŝŚǇĚƌŽǆǇǀŝƚĂŵŝŶϯ;ĂĐƟǀĞǀŝƚĂŵŝŶͲͿƐǇŶƚŚĞƐŝƐ͘ϭ͕ϮϱͲĚŝŚǇĚƌŽǆǇǀŝƚĂŵŝŶ
ϯŝƚƐĞůĨĂůƐŽƌĞŐƵůĂƚĞƐƵƌŝŶĂƌǇĐĂůĐŝƵŵĞǆĐƌĞƟŽŶďǇƚŚĞŬŝĚŶĞǇ;ϲͲϴͿ͘
/Ŷ ĂĚĚŝƟŽŶ ƚŽ ďŽŶĞͲĚĞƌŝǀĞĚ &'&Ϯϯ͕ ŽƚŚĞƌ ĐĞůů ƚǇƉĞƐ ŵĂǇ ĐŽŶƚƌŝďƵƚĞ ƚŽ ĐŝƌĐƵůĂƟŶŐ
&'&Ϯϯ ůĞǀĞůƐ͕ ŝŶĐůƵĚŝŶŐ ĮďƌŽďůĂƐƚƐ ĂŶĚ ƐŵŽŽƚŚ ŵƵƐĐůĞ ĐĞůůƐ ;ϵͿ͘ DŽƌĞŽǀĞƌ͕  ƐĞǀĞƌĂů
ŶĞƵƌŽĞŶĚŽĐƌŝŶŽůŽŐŝĐ ĨĂĐƚŽƌƐĂŶĚĐǇƚŽŬŝŶĞƐĚŝƌĞĐƚůǇ ŝŶŇƵĞŶĐĞ&'&ϮϯƐĞĐƌĞƟŽŶ ŝŶƚŽƚŚĞ
ĐŝƌĐƵůĂƚŽƌǇƐǇƐƚĞŵ;ϭϬ͕ϭϭͿ͘dŽĞŶĂďůĞĚŽǁŶƐƚƌĞĂŵƐŝŐŶĂůůŝŶŐ͕&'&ϮϯƌĞƋƵŝƌĞƐŵĞŵďƌĂŶĞͲ
bound ɲŬůŽƚŚŽ as its obligate co-receptor (12,13). ɲŬůŽƚŚŽ is predominantly expressed 
ŝŶ ƌĞŶĂů ĞƉŝƚŚĞůŝƵŵ ĂŶĚ ƚŚĞ ƉĂƌĂƚŚǇƌŽŝĚ ŐůĂŶĚ͕ ŚĞŶĐĞ ƉƌŽǀŝĚŝŶŐ ƟƐƐƵĞͲƐƉĞĐŝĮĐŝƚǇ ĨŽƌ
&'&ϮϯƐŝŐŶĂůůŝŶŐ;ϭϰͿ͘/ŶĂĚĚŝƟŽŶ͕ƐŽůƵďůĞɲŬůŽƚŚŽƉƌĞƐĞŶƚŝŶƚŚĞĐŝƌĐƵůĂƟŽŶŽƌƵƌŝŶĞĐĂŶ
regulate electrolyte transport, through the epithelial Ca2+ĐŚĂŶŶĞů;dZWsϱͿ;ϭϱͿĂŶĚƚŚĞ
renal outer medullary potassium channel (ROMK1) (16-19). 
dŚĞƌĞĂƌĞǁĞůůͲĚĞƐĐƌŝďĞĚƌĞĚƵĐƟŽŶƐŝŶƌĞŶĂůĂŶĚƉĂƌĂƚŚǇƌŽŝĚŬůŽƚŚŽŝŶ<͘/ƚŚĂƐďĞĞŶ
shown (20) that CKD associates with reduced ɲŬůŽƚŚŽ expression and that it is related 
ƚŽ ĞůĞǀĂƚĞĚ &'&Ϯϯ ůĞǀĞůƐ͕ ŝŶ ƌĞƐƉŽŶƐĞ ƚŽ ƉĞƌƐŝƐƚĞŶƚ ƉŚŽƐƉŚĂƚĞ ƌĞƚĞŶƟŽŶ ;ϮϭͲϮϯͿ͘ /Ŷ
turn, this may lower systemic vitamin-D levels, which contributes to the pathogenesis 
ŽĨ ƐĞĐŽŶĚĂƌǇ ŚǇƉĞƌƉĂƌĂƚŚǇƌŽŝĚŝƐŵ͘ dŚĞ ĐŽŶƐĞƋƵĞŶĐĞƐ ŽĨ <ͲŝŶĚƵĐĞĚ ĂůƚĞƌĂƟŽŶƐ ŝŶ
&'&ϮϯͲɲŬůŽƚŚŽͲǀŝƚĂŵŝŶͲƐŝŐŶĂůůŝŶŐŽŶƌĞŶĂůƚƵďƵůĂƌĞůĞĐƚƌŽůǇƚĞƌĞŐƵůĂƚŽƌǇŵĞĐŚĂŶŝƐŵƐ
ĂƌĞ͕ ŚŽǁĞǀĞƌ͕  ƐƟůů ƵŶĐůĞĂƌ͘  ,ĞŶĐĞ͕ ŝŶ ƚŚĞ ĐƵƌƌĞŶƚ ƐƚƵĚǇ͕ ǁĞ ĐŚĂƌĂĐƚĞƌŝǌĞĚ ƚŚĞ ŝŵƉĂĐƚ
ŽĨƚǁŽĚŝīĞƌĞŶƚĞǆƉĞƌŝŵĞŶƚĂůŵŽĚĞůƐŽĨƉƌŽŐƌĞƐƐŝǀĞŬŝĚŶĞǇĨĂŝůƵƌĞŽŶ&'&ϮϯͲɲŬůŽƚŚŽͲ
vitamin-D signalling and local renal Ca2+ and Pi ƚƌĂŶƐƉŽƌƚ ƌĞŐƵůĂƟŽŶ͘ /Ŷ ĂĚĚŝƟŽŶ ǁĞ
ĞǆĂŵŝŶĞĚƚŚĞĐŽŶƐĞƋƵĞŶĐĞƐŽĨŝŶŇĂŵŵĂƚŽƌǇƐƟŵƵůŝĂŶĚƚŚĞĞīĞĐƚŽĨ&'&ϮϯŽŶƐĞǀĞƌĂů
ŵŝŶĞƌĂůͲƌĞŐƵůĂƟŶŐĐŚĂŶŶĞůƐŽŶƚŚĞƚƵďƵůĂƌĞƉŝƚŚĞůŝƵŵ͘
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Ethical statement
This study was carried out in strict compliance with the legal Dutch animal welfare act. 
ůůĞǆƉĞƌŝŵĞŶƚĂůƉƌŽĐĞĚƵƌĞƐƉĞƌĨŽƌŵĞĚǁĞƌĞĂƉƉƌŽǀĞĚďǇƚŚĞĂŶŝŵĂůĞƚŚŝĐƐďŽĂƌĚŽĨ
the Radboud University Nijmegen (permit-no: RU-DEC 2013-068 and RU-DEC 2013-224) 
ŽƌďǇshhŶŝǀĞƌƐŝƚǇDĞĚŝĐĂůĞŶƚĞƌ ;shŵĐͿ͕ŵƐƚĞƌĚĂŵ;ƉĞƌŵŝƚͲŶŽ͗&ǇƐϭϮͲϬϭͿŽƌďǇ
hŶŝǀĞƌƐŝƚǇDĞĚŝĐĂůĞŶƚĞƌ'ƌŽŶŝŶŐĞŶ;hD'Ϳ͕'ƌŽŶŝŶŐĞŶ;ƉĞƌŵŝƚͲŶŽ͗ϱϯϮϭ<ĂŶĚϲϲϵϳͿ
ĂŶĚĂůůĞīŽƌƚƐǁĞƌĞŵĂĚĞƚŽŵŝŶŝŵŝǌĞƐƵīĞƌŝŶŐŽĨƚŚĞĂŶŝŵĂůƐ͘
Mice 
WĂƚŚŽŐĞŶͲĨƌĞĞĞŝŐŚƚƚŽƚĞŶǁĞĞŬƐŽůĚŵĂůĞϱϳůͬϲŵŝĐĞǁĞƌĞƉƵƌĐŚĂƐĞĚĨƌŽŵŚĂƌůĞƐ
ZŝǀĞƌ >ĂďŽƌĂƚŽƌŝĞƐ ĂŶĚ ŚŽƵƐĞĚ ƵŶĚĞƌ ƐƚĂŶĚĂƌĚŝǌĞĚ ĐŽŶĚŝƟŽŶƐ ŝŶ ƚŚĞ ĂŶŝŵĂů ĨĂĐŝůŝƟĞƐ
ŽĨƚŚĞshhŶŝǀĞƌƐŝƚǇDĞĚŝĐĂůĞŶƚĞƌ;shŵĐͿ͕ŵƐƚĞƌĚĂŵ͕ZĂĚďŽƵĚhŶŝǀĞƌƐŝƚǇDĞĚŝĐĂů
ĞŶƚĞƌ͕  EŝũŵĞŐĞŶ͕ ĂŶĚ hŶŝǀĞƌƐŝƚǇDĞĚŝĐĂů ĞŶƚĞƌ 'ƌŽŶŝŶŐĞŶ ;hD'Ϳ͕ 'ƌŽŶŝŶŐĞŶ͕ dŚĞ
EĞƚŚĞƌůĂŶĚƐ͘ dƌĂŶƐŐĞŶŝĐ ŵŝĐĞ ĞǆƉƌĞƐƐŝŶŐ ĞŶŚĂŶĐĞĚ ŐƌĞĞŶ ŇƵŽƌĞƐĐĞŶƚ ƉƌŽƚĞŝŶ ;'&WͿ
ĚƌŝǀĞŶ ďǇ ƚŚĞ dZWsϱ ƉƌŽŵŽƚĞƌ ;dZWsϱͲ'&WͿǁĞƌĞ ŐĞŶĞƌĂƚĞĚ ĂƐ ĚĞƐĐƌŝďĞĚ ƉƌĞǀŝŽƵƐůǇ
(24) and housed in the animal facility of the Radboud University Medical Center (25). 
dŚĞƉƌĞƐĞŶĐĞŽĨ'&WĞǆƉƌĞƐƐŝŽŶǁĂƐŐĞŶĞƟĐĂůůǇĐŽŶĮƌŵĞĚďǇƌŽƵƟŶĞWZƐĐƌĞĞŶŝŶŐ͘ůů
mice received water and food ad libitum and only age-matched male mice were used in 
ƚŚŝƐƐƚƵĚǇ͘ ůůĞǆƉĞƌŝŵĞŶƚƐǁĞƌĞĂƉƉƌŽǀĞĚĂŶĚĐŽŶĚƵĐƚĞĚĨŽůůŽǁŝŶŐƚŚĞŐƵŝĚĞůŝŶĞƐŽĨƚŚĞ
ůŽĐĂůŶŝŵĂůƚŚŝĐĂůŽŵŵŝƩĞĞƐ͕ĂĚŚĞƌŝŶŐƚŚĞŐƵŝĚĞůŝŶĞƐŽĨƚŚĞƵƌŽƉĞĂŶĂŶŝŵĂůǁĞůĨĂƌĞ͘
WĂƌƟĂů;ϱͬϲͿŶĞƉŚƌĞĐƚŽŵǇĂŶĚƵƌŝŶĞĐŽůůĞĐƟŽŶ
WƌŝŽƌƚŽƐƵƌŐĞƌǇĂƐŵĂůůǀŽůƵŵĞŽĨƉĞƌŝƉŚĞƌĂůďůŽŽĚǁĂƐĐŽůůĞĐƚĞĚŝŶƚŽdͲĐŽĂŐƵůĂƚĞĚ
ŵŝĐƌŽƚĂŝŶĞƌƐ ; ŝŽƐĐŝĞŶĐĞƐ͕ ƌĞĚĂ͕ dŚĞ EĞƚŚĞƌůĂŶĚƐͿ͘ WĂƌƟĂů ŶĞƉŚƌĞĐƚŽŵǇ ;ϱͬϲEǆ͖
ŶсϵͿǁĂƐ ƉĞƌĨŽƌŵĞĚ ƵŶĚĞƌ ƐƚĂŶĚĂƌĚŝǌĞĚ ƐƚĞƌŝůĞ ĐŽŶĚŝƟŽŶƐ ĂŶĚ ŝŶĚƵĐĞĚ ĂƐ ĚĞƐĐƌŝďĞĚ
ďĞĨŽƌĞ;Ϯϲ͕ϮϳͿ͘ƌŝĞŇǇ͕ ĂƐŵĂůůĂďĚŽŵŝŶĂůŵŝĚůŝŶĞŝŶĐŝƐŝŽŶŽĨƚŚĞƐŬŝŶĂŶĚŵƵƐĐůĞƐǁĂƐ
ŵĂĚĞƵŶĚĞƌŐĞŶĞƌĂůĂŶĂĞƐƚŚĞƐŝĂ;ŝƐŽŇƵƌĂŶĞͿĂŶĚƉƌĞŽƉĞƌĂƟǀĞĂŶĂůŐĞƐŝĂ;ƵƉƌĞŶŽƌƉŚŝŶ͖
Temgesic (Schering-Plough, Houten, The Netherlands), 0.05 mg/kg intramuscular). 
dŚĞ ůĞŌ ŬŝĚŶĞǇǁĂƐ ĚĞĐĂƉƐƵůĂƚĞĚ ĂŌĞƌ ǁŚŝĐŚ ďŽƚŚ͕ ƚŚĞ ƵƉƉĞƌ ĂŶĚ ůŽǁĞƌ ƉŽůĞ ǁĞƌĞ
ĂďůĂƚĞĚďǇĐĂƵƚĞƌŝǌĂƟŽŶ;,ŝŐŚͲƚĞŵƉĞƌĂƚƵƌĞĮŶĞƟƉĂƵƚĞƌǇ͕ ŽǀŝĞDĞĚŝĐĂůŽƌƉŽƌĂƟŽŶ͕
ůĞĂƌǁĂƚĞƌ͕ &>͕h^Ϳ͘^ƵďƐĞƋƵĞŶƚůǇ͕ ƚŚĞĐŽŶƚƌĂůĂƚĞƌĂůŬŝĚŶĞǇǁĂƐĚĞĐĂƉƐƵůĂƚĞĚĂŶĚƌĞŶĂů
ďůŽŽĚǀĞƐƐĞůƐĂŶĚƵƌĞƚĞƌǁĞƌĞůŝŐĂƚĞĚ͕ĂŌĞƌǁŚŝĐŚƚŚĞĞŶƟƌĞŬŝĚŶĞǇǁĂƐƌĞŵŽǀĞĚ͘dŚĞ
abdomen was closed with sutures in two layers and all mice received subcutaneous 
ŝŶũĞĐƟŽŶƐ ŽĨ ƉŽƐƚŽƉĞƌĂƟǀĞ ĂŶĂůŐĞƐŝĂ ƚǁŽ ĚĂǇƐ ĂŌĞƌ ƐƵƌŐĞƌǇ ;<ĞƚŽƉƌŽĨĞŶ͖ <ĞƚŽĨĞŶ
;DĞƌŝĂů^͘͘^͕͘sĞůƐĞƌďƌŽĞŬ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿ͕ϱŵŐͬŬŐͿ͘^ŚĂŵͲŽƉĞƌĂƚĞĚŵŝĐĞǁĞƌĞƵƐĞĚ
ĂƐĐŽŶƚƌŽůƐĂŶĚƵŶĚĞƌǁĞŶƚƚŚĞƐŝŵŝůĂƌƉƌŽƚŽĐŽůŝŶĐůƵĚŝŶŐĚĞĐĂƉƐƵůĂƟŽŶŽĨďŽƚŚŬŝĚŶĞǇƐ͕
ĞǆĐĞƉƚĨŽƌƚŚĞƌĞŶĂůĂďůĂƟŽŶ;ŶсϱͿ͘ŌĞƌƚŚƌĞĞǁĞĞŬƐ͕ŵŝĐĞǁĞƌĞƉůĂĐĞĚŝŶƚŽŝŶĚŝǀŝĚƵĂů
ŵĞƚĂďŽůŝĐĐĂŐĞƐ;dĞĐŶŝƉůĂƐƚ͕ƵŐƵŐŐŝĂƚĞ͕/ƚĂůǇͿĞŶĂďůŝŶŐϮϰͲŚŽƵƌƐƵƌŝŶĞĐŽůůĞĐƟŽŶ͘DŝĐĞ
ǁĞƌĞƐĂĐƌŝĮĐĞĚĂŶĚďůŽŽĚǁĂƐĚŝǀŝĚĞĚŝŶƚŽdͲĂŶĚŚĞƉĂƌŝŶͲĐŽĂŐƵůĂƚĞĚŵŝĐƌŽƚĂŝŶĞƌƐ
and centrifuged for 10 minutes (min) at 1,500 g at 4°C. Plasma samples were stored at 
ͲϴϬΣ͘ZĞŵŶĂŶƚ ƌĞŶĂůƟƐƐƵĞǁĂƐ ŝƐŽůĂƚĞĚ͕ ƐƵďĚŝǀŝĚĞĚ ŝŶƚŽ ƚǁŽĞƋƵĂůƉĂƌƚƐĂŶĚĞŝƚŚĞƌ
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ĚŝƌĞĐƚůǇƐŶĂƉͲĨƌŽǌĞŶŝŶƚŽůŝƋƵŝĚŶŝƚƌŽŐĞŶŽƌĮǆĂƚĞĚŝŶϭйǁͬǀƉĂƌĂĨŽƌŵĂůĚĞŚǇĚĞͲůǇƐŝŶĞͲ
ƉĞƌŝŽĚĂƚĞ;W>WͿƐŽůƵƟŽŶĨŽƌϮŚŽƵƌƐ;ŚƌƐͿĂƚƌŽŽŵƚĞŵƉĞƌĂƚƵƌĞ͕ƐƵďƐĞƋƵĞŶƚůǇŝŶĐƵďĂƚĞĚ
ŽǀĞƌŶŝŐŚƚĂƚϰΣŝŶƉŚŽƐƉŚĂƚĞďƵīĞƌĞĚƐĂůŝŶĞ;W^ͿĐŽŶƚĂŝŶŝŶŐϭϱйǁͬǀƐƵĐƌŽƐĞďĞĨŽƌĞ
ƐŶĂƉͲĨƌŽǌĞŶŝŶůŝƋƵŝĚŶŝƚƌŽŐĞŶ͘
ĚĞŶŝŶĞͲĞŶƌŝĐŚĞĚĚŝĞƚĂƌǇŝŶƚĞƌǀĞŶƟŽŶ
Prior to the start of diet, a small volume of peripheral blood was isolated by cheek 
ƉƵŶĐƚƵƌĞŝŶƚŽŵŝĐƌŽǀĞƩĞƚƵďĞƐ;^ĂƌƐƚĞĚƚ͕ƩĞŶͲ>ĞƵƌ͕ dŚĞEĞƚŚĞƌůĂŶĚƐͿ͘DŝĐĞŽĨĂďŽƵƚϮϱ
ŐƌĂŵďŽĚǇǁĞŝŐŚƚǁĞƌĞ ĨĞĚǁŝƚŚĂϬ͘ϮйǁͬǁĂĚĞŶŝŶĞ ;^ŝŐŵĂͲůĚƌŝĐŚ͕^ĂŝŶƚͲ>ŽƵŝƐ͕DK͕
h^͖ĐĂƚ͘ŶŽ͘ϴϲϮϲͿĐŽŶƚĂŝŶŝŶŐĚŝĞƚ;ŝŽ^ĞƌǀŝĐĞƐ͖hĚĞŶ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿĚƵƌŝŶŐĂƉĞƌŝŽĚ
ŽĨĞŝƚŚĞƌϮŽƌϰǁĞĞŬƐ ;ŶсϱͬŐƌŽƵƉͿ͘ĐŽŶƚƌŽůŐƌŽƵƉ ;ŶсϱͿǁĂƐ ĨĞĚĂƐƚĂŶĚĂƌĚĚŝĞƚĂŶĚ
ƐĂĐƌŝĮĐĞĚĂŌĞƌϰǁĞĞŬƐ͘ŽĚǇǁĞŝŐŚƚƐǁĞƌĞƌĞĐŽƌĚĞĚĞǀĞƌǇŽƚŚĞƌĚĂǇ͘ ŌĞƌϮŽƌϰǁĞĞŬƐ͕
ŵŝĐĞǁĞƌĞƉůĂĐĞĚŝŶƚŽŝŶĚŝǀŝĚƵĂůŵĞƚĂďŽůŝĐĐĂŐĞƐ;dĞĐŶŝƉůĂƐƚͿĨŽƌϮϰŚƌƐďĞĨŽƌĞƐĂĐƌŝĮĐĞĚ
ƵŶĚĞƌ ŐĞŶĞƌĂů ĂŶĂĞƐƚŚĞƐŝĂ ;ŝƐŽŇƵƌĂŶĞͿ͘ ůŽŽĚ ǁĂƐ ŝƐŽůĂƚĞĚ ĨƌŽŵ ƚŚĞ ŽƌďŝƚĂů ƐŝŶƵƐ ĂŶĚ
ĐŽůůĞĐƚĞĚŝŶŵŝĐƌŽǀĞƩĞƚƵďĞƐ͘^ĂŵƉůĞƐǁĞƌĞĂůůŽǁĞĚƚŽĐůŽƚĨŽƌϮŚƌƐĂƚƌŽŽŵƚĞŵƉĞƌĂƚƵƌĞ
ĂŶĚ ƐƵďƐĞƋƵĞŶƚůǇ ĐĞŶƚƌŝĨƵŐĞĚϭϬŵŝŶĂƚϵ͕ϬϬϬŐĂƚϰΣ ƚŽĞŶĂďůĞ ƐĞƌƵŵ ŝƐŽůĂƟŽŶ͕ĂŶĚ
ƐƵďƐĞƋƵĞŶƚůǇƐƚŽƌĞĚĂƚͲϴϬΣ͘<ŝĚŶĞǇƟƐƐƵĞǁĂƐŝƐŽůĂƚĞĚĂŶĚƉƌŽĐĞƐƐĞĚĂƐĚĞƐĐƌŝďĞĚĂďŽǀĞ͘
^ǇƐƚĞŵŝĐĂĚŵŝŶŝƐƚƌĂƟŽŶŽĨ&'&Ϯϯ
DĂůĞdZWsϱͲ'&WŵŝĐĞŽĨϱͲϳǁĞĞŬƐŽůĚƌĞĐĞŝǀĞĚĂƐŝŶŐůĞŝŶƚƌĂǀĞŶŽƵƐƚĂŝůǀĞŝŶĂĚŵŝŶŝƐƚƌĂƟŽŶ
;/sͿŽĨϭϲϬђŐͬŬŐĂƌƌŝĞƌͲĨƌĞĞƌĞĐŽŵďŝŶĂŶƚŵŽƵƐĞ&'&Ϯϯ;ƌ&'&Ϯϯ͖ZΘ^ ǇƐƚĞŵƐ͕DŝŶŶĞĂƉŽůŝƐ͕
DE͕h^͖ĐĂƚ͘ŶŽϮϲϮϵͲ&'Ͳ&ͿŽƌǀĞŚŝĐůĞ ;ƐĂůŝŶĞͿ ŝŶĂ ƚŽƚĂůǀŽůƵŵĞŽĨϭϬϬђů ;ŶсϱͬŐƌŽƵƉͿ͘
dŚĞƐĞŵŝĐĞǁĞƌĞŶŽŶͲ<ŵŝĐĞĂŶĚĂŌĞƌϮϰŚƌƐǁĞƌĞƐĂĐƌŝĮĐĞĚƵŶĚĞƌƚŽƚĂůĂŶĂĞƐƚŚĞƐŝĂ
;ŝƐŽŇƵƌĂŶĞͿ͘ůŽŽĚĂŶĚŬŝĚŶĞǇǁĞƌĞĐŽůůĞĐƚĞĚĂŶĚƉƌŽĐĞƐƐĞĚ͕ĂƐĚĞƐĐƌŝďĞĚĂďŽǀĞ͘
^ǇƐƚĞŵŝĐĂĚŵŝŶŝƐƚƌĂƟŽŶŽĨŽŶĐĂŶĂǀĂůŝŶ;ŽŶͿĂŶĚdƵŵŽƌEĞĐƌŽƐŝƐ&ĂĐƚŽƌ;dE&Ϳ
DĂůĞ ŵŝĐĞ ƌĞĐĞŝǀĞĚ Ă ƐŝŶŐůĞ ŝŶƚƌĂǀĞŶŽƵƐ ƌĞƚƌŽͲŽƌďŝƚĂů ĂĚŵŝŶŝƐƚƌĂƟŽŶ ŽĨ ϮϬ ƵŐͬŬŐ ŽĨ
ďŽĚǇǁĞŝŐŚƚŽŶŽƌǀĞŚŝĐůĞ;W^Ϳ͘ƐƵďƐĞƚŽĨŵŝĐĞƌĞĐĞŝǀĞĚĂƐŝŶŐůĞŝŶƚƌĂǀĞŶŽƵƐƌĞƚƌŽͲ
ŽƌďŝƚĂůĂĚŵŝŶŝƐƚƌĂƟŽŶŽĨϭϱƵŐͬŬŐŽĨďŽĚǇǁĞŝŐŚƚdE&ŽƌǀĞŚŝĐůĞ;W^Ϳ͘dŚĞƐĞŵŝĐĞǁĞƌĞ
ŶŽŶͲ<ŵŝĐĞĂŶĚǁĞƌĞƐĂĐƌŝĮĐĞĚĞŝƚŚĞƌĂŌĞƌϴŚƌƐŽŶĂĚŵŝŶŝƐƚƌĂƟŽŶŽƌĂŌĞƌϭŚƌ
dE&ĂĚŵŝŶŝƐƚƌĂƟŽŶ͘<ŝĚŶĞǇƐǁĞƌĞĐŽůůĞĐƚĞĚĂŶĚƉƌŽĐĞƐƐĞĚĂƐĚĞƐĐƌŝďĞĚĂďŽǀĞ͘
Electrolyte measurement
^ǇƐƚĞŵŝĐ;ƵƐŝŶŐĞŝƚŚĞƌdͲĐŽĂŐƵůĂƚĞĚƉůĂƐŵĂĨƌŽŵϱͬϲEǆŵŝĐĞŽƌƐĞƌƵŵƐĂŵƉůĞƐĨƌŽŵ
ͲƚƌĞĂƚĞĚŵŝĐĞͿĂŶĚƵƌŝŶĂƌǇĐŽŶĐĞŶƚƌĂƟŽŶƐŽĨƵƌĞĂ͕ĂŶĚWi were determined by in-
ŚŽƐƉŝƚĂůƐĞƌǀŝĐĞƐƵƐŝŶŐĂƵƚŽŵĂƟĐďŝŽĐŚĞŵŝĐĂůĂŶĂůǇǌĞƌƐ͘ůŽŽĚĂ2+ĐŽŶĐĞŶƚƌĂƟŽŶƐǁĞƌĞ
ĚĞƚĞƌŵŝŶĞĚŝŶŚĞƉĂƌŝŶͲĐŽĂŐƵůĂƚĞĚƉůĂƐŵĂ;ĨƌŽŵϱͬϲEǆŵŝĐĞͿŽƌƐĞƌƵŵ;ĨƌŽŵƚƌĞĂƚĞĚ
ŵŝĐĞͿĂŶĚŝŶƵƌŝŶĂƌǇƐĂŵƉůĞƐ͕ǀĞƌŝĮĞĚƵƐŝŶŐĂĐŽŵŵĞƌĐŝĂůƐĞƌƵŵƐƚĂŶĚĂƌĚ;WƌĞĐŝŶŽƌŵh͕
Roche, Switzerland) and measured as described previously (28). 
Immunoassays 
dͲĐŽĂŐƵůĂƚĞĚƉůĂƐŵĂ;ĨƌŽŵϱͬϲEǆŵŝĐĞͿŽƌƐĞƌƵŵ;ĨƌŽŵƚƌĞĂƚĞĚŵŝĐĞͿƐĂŵƉůĞƐ
ǁĞƌĞƵƐĞĚŝŶĞŶǌǇŵĞͲůŝŶŬĞĚŝŵŵƵŶŽƐŽƌďĞŶƚĂƐƐĂǇƐ;>/^ͿƚŽĚĞƚĞƌŵŝŶĞĐŝƌĐƵůĂƟŶŐůĞǀĞůƐ
ŽĨ &'&Ϯϯ ĂŶĚ Wd, ϭͲϴϰ ;ďŽƚŚ /ŵŵƵƚŽƉŝĐƐ /ŶƚĞƌŶĂƟŽŶĂůͿ͘ ,ĞƉĂƌŝŶͲĐŽĂŐƵůĂƚĞĚ ƉůĂƐŵĂ
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;ĨƌŽŵϱͬϲEǆŵŝĐĞͿĂŶĚƐĞƌƵŵ;ĨƌŽŵƚƌĞĂƚĞĚŵŝĐĞͿƐĂŵƉůĞƐǁĞƌĞƵƐĞĚƚŽĚĞƚĞƌŵŝŶĞ
ĐŝƌĐƵůĂƟŶŐϭ͕ϮϱͲĚŝŚǇĚƌŽǆǇǀŝƚĂŵŝŶ3;ĂĐƟǀĞǀŝƚĂŵŝŶͲͿůĞǀĞůƐƵƐŝŶŐĂƌĂĚŝŽŝŵŵƵŶŽĂƐƐĂǇ
;/ŵŵƵŶŽĚŝĂŐŶŽƐƟĐ^ǇƐƚĞŵƐ͖/^͕>ŝĞŐĞ͕ĞůŐŝƵŵͿ͘ůůĂƐƐĂǇƐǁĞƌĞƉĞƌĨŽƌŵĞĚĂĐĐŽƌĚŝŶŐ
to the manufacturer’s protocols.  
tĞƐƚĞƌŶďůŽƫŶŐ
ZĞŶĂů ƟƐƐƵĞƐ ǁĞƌĞ ŚŽŵŽŐĞŶŝǌĞĚ ŝŶ ŚŽŵŽŐĞŶŝǌĂƟŽŶ ďƵīĞƌ  ;,ď͖ ϮϬ ŵD dƌŝƐͲ
,ů ;Ɖ, ϳ͘ϰͿ͕ ϱ ŵD DŐůϮ͕ ϱ ŵD EĂ,ϮWKϰ͕ ϭ ŵD d͕ ϴϬ ŵD ƐƵĐƌŽƐĞ͕ ϭ ŵD
WŚĞŶǇůŵĞƚŚǇůƐƵůĨŽŶǇů ŇƵŽƌŝĚĞ ;WD^&Ϳ͕ ϭ ђŐͬŵ> ůĞƵƉĞƉƟŶ͕ ĂŶĚ ϭϬ ђŐͬŵ> ƉĞƉƐƚĂƟŶͿ͘
dŽƚĂůƉƌŽƚĞŝŶĐŽŶĐĞŶƚƌĂƟŽŶƐǁĞƌĞĚĞƚĞƌŵŝŶĞĚƵƐŝŶŐƚŚĞŝŽͲZĂĚWƌŽƚĞŝŶƐƐĂǇ;ŝŽͲZĂĚ͕
DƵŶŝĐŚ͕'ĞƌŵĂŶǇͿĂŶĚƉƌŽƚĞŝŶǁĂƐƐŽůƵďŝůŝƐĞĚďǇϯϬŵŝŶŝŶĐƵďĂƟŽŶĂƚϯϳΣŝŶ>ĂĞŵŵůŝ
ďƵīĞƌǁŝƚŚϬ͘ϭDŝƚŚŝŽƚŚƌĞŝƚŽů;ddͿ͘WƌŽƚĞŝŶ;ϮϱђŐͿǁĂƐƐĞƉĂƌĂƚĞĚŽŶĂŶϴйǁͬǀ^^Ͳ
W' ŐĞů ĂŶĚ ƚƌĂŶƐĨĞƌƌĞĚ ƚŽ Ă Ws&ͲŶŝƚƌŽĐĞůůƵůŽƐĞ ŵĞŵďƌĂŶĞ ;/ŵŵŽďŝůŽŶͲW͕  DŝůůŝƉŽƌĞ
ŽƌƉŽƌĂƟŽŶ͕ĞĚĨŽƌĚ͕DͿ͘ůŽƚƐǁĞƌĞďůŽĐŬĞĚǁŝƚŚϱйǁͬǀŶŽŶͲĨĂƚĚƌǇŵŝůŬ;E&DͿŝŶƚŽ
dƌŝƐͲďƵīĞƌĞĚƐĂůŝŶĞ;d^ͿͲϬ͘ϭйǀͬǀdǁĞĞŶ;d^ͲdͿĂŶĚƐƵďƐĞƋƵĞŶƚůǇŝŶĐƵďĂƚĞĚŽǀĞƌŶŝŐŚƚ
ĂƚϰΣǁŝƚŚĞŝƚŚĞƌĂŶƟɲŬůŽƚŚŽ<>ϭͲĨƌĂŐŵĞŶƚ ;ϭ͗Ϯ͕ϱϬϬ͖ŶŽ͘<DϮϬϳϲ͕ŬŝŶĚůǇƉƌŽǀŝĚĞĚďǇ
ƉƌŽĨ͘  Ěƌ͘  D͘ <ƵƌŽͲK͕ dĞǆĂƐ͕ h^Ϳ͕ ĂŶƟͲ'&W ;ϭ͗ϱ͕ϬϬϬ͖ ^ŝŐŵĂͲůĚƌŝĐŚ͕ ǁŝũŶĚƌĞĐŚƚ͕ dŚĞ
EĞƚŚĞƌůĂŶĚƐͿŽƌɴͲĂĐƟŶ;ϭ͗ϭϬ͕ϬϬϬ͖^ŝŐŵĂ͕ĐůŽŶĞͲϭϱͿĂŶƟďŽĚŝĞƐŝŶϭйǁͬǀE&Dͬd^Ͳd͘ 
ŌĞƌŝŶĐƵďĂƟŽŶǁŝƚŚĂƉƉƌŽƉƌŝĂƚĞƉĞƌŽǆǇŽǆĂůĂƚĞͲĐŽŶũƵŐĂƚĞĚƐĞĐŽŶĚĂƌǇĂŶƟďŽĚŝĞƐĨŽƌϭŚƌ
at room temperature, proteins were visualized by chemiluminescence (Pierce, Rockford, 
/>Ϳ͘ /ŵŵƵŶŽƌĞĂĐƟǀĞƉƌŽƚĞŝŶƐǁĞƌĞ ƐĐĂŶŶĞĚƵƐŝŶŐŚĞŵŝĚŽĐyZ^ ;ŝŽͲZĂĚ͕sĞĞŶĞŶĚĂĂů͕
dŚĞEĞƚŚĞƌůĂŶĚƐͿĂŶĚŝŶƚĞŶƐŝƟĞƐǁĞƌĞĂŶĂůǇǌĞĚǁŝƚŚĚŽďĞWŚŽƚŽƐŚŽƉϳ͘ϬƐŽŌǁĂƌĞ͘
ZEŝƐŽůĂƟŽŶĂŶĚƋƵĂŶƟƚĂƟǀĞƌĞĂůͲƟŵĞZdͲWZ
dŽƚĂůŬŝĚŶĞǇŵZEǁĂƐĞǆƚƌĂĐƚĞĚĨƌŽŵƐŶĂƉͲĨƌŽǌĞŶŬŝĚŶĞǇƟƐƐƵĞƵƐŝŶŐdƌŝǌŽůZĞĂŐĞŶƚ
;>ŝĨĞ dĞĐŚŶŽůŽŐŝĞƐ͖ ůĞŝƐǁŝũŬ͕ dŚĞ EĞƚŚĞƌůĂŶĚƐͿ͕ ĂĐĐŽƌĚŝŶŐ ƚŽ ƚŚĞ ŵĂŶƵĨĂĐƚƵƌĞƌ Ɛ͛
ŐƵŝĚĞůŝŶĞƐ͘ůůZEƐĂŵƉůĞƐǁĞƌĞƋƵĂŶƟĮĞĚďǇƵƐŝŶŐĂŶEͲϭ͕ϬϬϬƐƉĞĐƚƌŽƉŚŽƚŽŵĞƚĞƌ
;EĂŶŽƌŽƉdĞĐŚŶŽůŽŐŝĞƐ͕ZŽĐŬůĂŶĚ͕Ϳ͘ dŽƚĂůZE ;ϭ͘ϱђŐͿǁĂƐĐŽŶǀĞƌƚĞĚ ŝŶƚŽĐE
ƵƐŝŶŐƌĂŶĚŽŵŚĞǆĂŵĞƌƐ;WƌŽŵĞŐĂ͕DĂĚŝƐŽŶ͕t/͕h^ͿĂŶĚDͲD>sƌĞǀĞƌƐĞƚƌĂŶƐĐƌŝƉƚĂƐĞ
;>ŝĨĞdĞĐŚŶŽůŽŐŝĞƐͿ͘DŽƵƐĞŐĞŶĞŵZEĞǆƉƌĞƐƐŝŽŶǁĂƐĂŶĂůǇǌĞĚďǇƌĞĂůͲƟŵĞƋƵĂŶƟƚĂƟǀĞ
ƌĞǀĞƌƐĞͲƚƌĂŶƐĐƌŝƉƟŽŶ ;ZdͿͲWZ ƉĞƌĨŽƌŵĞĚ ŽŶ Ă ŝŽͲZĂĚ &yϵϲΡ ZĞĂůͲdŝŵĞ ƋWZ Žƌ
ϳϵϬϬ,dƐǇƐƚĞŵ;ƉƉůŝĞĚŝŽƐǇƐƚĞŵƐ͕tĂƌƌŝŶŐƚŽŶ͕h<Ϳ͕ƵƐŝŶŐŝŽͲZĂĚŝYΡ^zZΠ'ƌĞĞŶ
^ƵƉĞƌŵŝǆŽƌWŽǁĞƌ^zZ'ƌĞĞŶDĂƐƚĞƌDŝǆ;ZŽĐŚĞ͕DĂŶŶŚĞŝŵ͕'ĞƌŵĂŶǇͿ͘/ŶĂĚĚŝƟŽŶ
ƐƉĞĐŝĮĐŐĞŶĞĞǆƉƌĞƐƐŝŽŶǁĂƐŶŽƌŵĂůŝǌĞĚƚŽŚŽƵƐĞŬĞĞƉŝŶŐŐĞŶĞ;ŚǇƉŽǆĂŶƚŚŝŶĞͲŐƵĂŶŝŶĞ
ƉŚŽƐƉŚŽƌŝďŽƐǇůƚƌĂŶƐĨĞƌĂƐĞ͖,WZdͿĂŶĚĂŶĂůǇǌĞĚĂĐĐŽƌĚŝŶŐƚŚĞϮΔ-ddCt method (29). The 
ŵŽƵƐĞŐĞŶĞͲƐƉĞĐŝĮĐƉƌŝŵĞƌƐĞƚƐƵƐĞĚĂƌĞůŝƐƚĞĚŝŶdĂďůĞϭ͘
Immunohistochemistry 
/ŵŵƵŶŽŚŝƐƚŽĐŚĞŵŝĐĂůƐƚĂŝŶŝŶŐǁĂƐƉĞƌĨŽƌŵĞĚŽŶϱђŵĐƌǇŽƐĞĐƟŽŶƐŽĨW>WͲĮǆĞĚƌĞŶĂů
ƟƐƐƵĞƐĂŵƉůĞƐ;ϯϬͿ͘^ ĞĐƟŽŶƐǁĞƌĞƐƚĂŝŶĞĚǁŝƚŚŐƵŝŶĞĂƉŝŐĂŶƟͲdZWsϱĂŶƟďŽĚŝĞƐ;ϭ͗Ϯ͕ϬϬϬ͖
;ϯϬͿͿŽƌŵŽƵƐĞĂŶƟͲĐĂůďŝŶĚŝŶ28k ĂŶƟďŽĚŝĞƐ ;ϭ͗Ϯ͕ϬϬϬ͖ ^ŝŐŵĂůĚƌŝĐŚ͕ ^ĂŝŶƚͲ>ŽƵŝƐ͕DK͕
h^Ϳ͕ǁŝƚŚĐŽŶĐŽŵŝƚĂŶƚƚǇƌĂŵŝĚĞƐŝŐŶĂůĂŵƉůŝĮĐĂƟŽŶ;d^ͿĞŶŚĂŶĐĞŵĞŶƚ;WĞƌŬŝŶůŵĞƌ͕ 
tĂůƚŚĂŵ͕ D͕ h^Ϳ ĨŽůůŽǁŝŶŐ ƐƚĂŶĚĂƌĚ ƉƌŽĐĞĚƵƌĞƐ͘ &Žƌ ǀŝƐƵĂůŝǌĂƟŽŶ͕ ƐĞĐƟŽŶƐ ǁĞƌĞ
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ƐƵďƐĞƋƵĞŶƚůǇ ŝŶĐƵďĂƚĞĚǁŝƚŚ ĂƉƉƌŽƉƌŝĂƚĞůĞǆĂͲϰϴϴͲĐŽŶũƵŐĂƚĞĚ ƐĞĐŽŶĚĂƌǇ ĂŶƟďŽĚŝĞƐ
;^ŝŐŵĂůĚƌŝĐŚͿ͘&ůƵŽƌĞƐĐĞŶƚŝŵĂŐĞƐǁĞƌĞŵĂĚĞƵƐŝŶŐĂĞŝƐƐŇƵŽƌĞƐĐĞŶĐĞmicroscope 
;^ůŝĞĚƌĞĐŚƚ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿĞƋƵŝƉƉĞĚǁŝƚŚĂŶǆŝŽĂŵĚŝŐŝƚĂůƉŚŽƚŽĐĂŵĞƌĂ͘
dĂďůĞϭͮWƌŝŵĞƌƐĞƋƵĞŶĐĞƐƵƐĞĚĨŽƌƌĞĂůͲƟŵĞƋƵĂŶƟƚĂƟǀĞZdͲWZ
Gene &ŽƌǁĂƌĚƉƌŝŵĞƌϱ͛Ͳϯ͛ ZĞǀĞƌƐĞƉƌŝŵĞƌϱ͛Ͳϯ͛
HPRT dd'd'd'd''dd 'dd'''ddd
FGF23 dd''dd'' 'dd''''dd'
Klotho ''dd'dddd d''''dd'''d'
dZWsϱ d'ddd''dd 'd'd'dd'dd'
Calbindin-D28k ''''d''ddd'' ddd''d'd'd
Cyp27b1 'd'dd''dd'dd'd'' d''''ddd'dddd
Cyp24a1 '''dd'''dd ''d''d'ddd'
NaPi-IIa d''''''' ''''d'
NaPi-IIb ddd'd''ddd 'd''''ddd
FGFR1 d'd''''d 'd''dd''
NGAL dddd'd'd' ''''''d'
Pit2 '''d'd'dddd ''d''''d
NCC dd''d''ddd' 'd''''d'''d''
EGFP '''''d' d'd''d'd''dd'd'
,WZd͕ ŚǇƉŽǆĂŶƚŚŝŶĞͲŐƵĂŶŝŶĞƉŚŽƐƉŚŽƌŝďŽƐǇůƚƌĂŶƐĨĞƌĂƐĞ͖&'&Ϯϯ͕&ŝďƌŽďůĂƐƚ'ƌŽǁƚŚ&ĂĐƚŽƌϮϯ͖<ůŽƚŚŽ͕
ɲŬůŽƚŚŽ͖dZWsϱ͕ƚƌĂŶƐŝĞŶƚƌĞĐĞƉƚŽƌƉŽƚĞŶƟĂůĐĂƟŽŶĐŚĂŶŶĞůƐƵďĨĂŵŝůǇsŵĞŵďĞƌϱ͖ĂůďŝŶĚŝŶͲ28k, cal-
bindin-D28k͖ǇƉϮϳďϭ͕ϮϱͲŚǇĚƌŽǆǇǀŝƚĂŵŝŶ3ϭɲͲŚǇĚƌŽǆǇůĂƐĞ͖ǇƉϮϰĂϭ͕ϭ͕ϮϱͲĚŝŚǇĚƌŽǆǇǀŝƚĂŵŝŶ3 24-hy-
ĚƌŽǆǇůĂƐĞ͖ EĂWŝͲ//Ă͕ ƐŽĚŝƵŵͲƉŚŽƐƉŚĂƚĞ ĐŽƚƌĂŶƐƉŽƌƚĞƌ ƚǇƉĞ ϮĂ͖ EĂWŝͲ//ď͕ ƐŽĚŝƵŵͲƉŚŽƐƉŚĂƚĞ ĐŽƚƌĂŶƐ-
ƉŽƌƚĞƌƚǇƉĞϮď͖&'&Zϭ͕ĮďƌŽďůĂƐƚŐƌŽǁƚŚĨĂĐƚŽƌƌĞĐĞƉƚŽƌƚǇƉĞͲ/͖E'>͕ŶĞƵƚƌŽƉŚŝůŐĞůĂƟŶĂƐĞͲĂƐƐŽĐŝĂƚĞĚ
ůŝƉŽĐĂůŝŶ͖WŝƚϮ͕ƐŽĚŝƵŵͲĚĞƉĞŶĚĞŶƚWiƚƌĂŶƐƉŽƌƚĞƌƚǇƉĞϯ͖E͕ƐŽĚŝƵŵͲĐŚůŽƌŝĚĞĐŽƚƌĂŶƐƉŽƌƚĞƌ͖'&W͕ ĞŶ-
ŚĂŶĐĞĚŐƌĞĞŶŇƵŽƌĞƐĐĞŶĐĞƉƌŽƚĞŝŶ͘ 
^ƚĂƟƐƟĐƐ
ĂƚĂĂƌĞƉƌĞƐĞŶƚĞĚĂƐŵĞĂŶц^D͘ŝīĞƌĞŶĐĞƐďĞƚǁĞĞŶŐƌŽƵƉƐǁĞƌĞĂŶĂůǇǌĞĚƵƐŝŶŐ
DĂŶŶͲtŚŝƚŶĞǇh ƚĞƐƚƐ ĂŶĚ ĐĂůĐƵůĂƚĞĚ ƵƐŝŶŐ'ƌĂƉŚƉĂĚ WƌŝƐŵ ǀĞƌƐŝŽŶ ϱ͘Ϭ ƐŽŌǁĂƌĞ͘ 
ƉͲǀĂůƵĞфϬ͘ϬϱǁĂƐĐŽŶƐŝĚĞƌĞĚĂƐƐƚĂƟƐƟĐĂůůǇƐŝŐŶŝĮĐĂŶƚ͘
42
Chapter 2
Results
WĂƌƟĂůŶĞƉŚƌĞĐƚŽŵǇĂŶĚĂĚĞŶŝŶĞͲĞŶƌŝĐŚĞĚĚŝĞƚĂƌǇƚƌĞĂƚŵĞŶƚŝŶĚƵĐĞĚŬŝĚŶĞǇĨĂŝůƵƌĞ
dŚĞĞǆƉĞƌŝŵĞŶƚĂůŵŽĚĞůƐŽĨƉĂƌƟĂůŶĞƉŚƌĞĐƚŽŵǇ;ϱͬϲEǆͿĂŶĚĂĚĞŶŝŶĞͲĞŶƌŝĐŚĞĚĚŝĞƚĂƌǇ
;Ϳ ƚƌĞĂƚŵĞŶƚ ďŽƚŚ ŝŶĚƵĐĞĚ ƌĞŶĂů ĨĂŝůƵƌĞ͘ dŚŝƐ ŝƐ ƌĞŇĞĐƚĞĚ ďǇ ĞůĞǀĂƚĞĚ ďůŽŽĚ ƵƌĞĂ
ůĞǀĞůƐ ŝŶϱͬϲEǆŵŝĐĞĐŽŵƉĂƌĞĚƚŽƐŚĂŵͲŽƉĞƌĂƚĞĚŵŝĐĞĂŌĞƌϯǁĞĞŬƐ ;&ŝŐƵƌĞϭĂͿĂŶĚ
ƚŚĞƉƌŽŐƌĞƐƐŝǀĞƵƌĂĞŵŝĂŽďƐĞƌǀĞĚŝŶŵŝĐĞǁŚĞŶĐŽŵƉĂƌĞĚƚŽĐŽŶƚƌŽůŵŝĐĞ;&ŝŐƵƌĞ
ϭďͿ͘/ŶĂĚĚŝƟŽŶ͕ƌĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶŽĨƚƵďƵůĂƌŝŶũƵƌǇŵĂƌŬĞƌŶĞƵƚƌŽƉŚŝůŐĞůĂƟŶĂƐĞͲ
ĂƐƐŽĐŝĂƚĞĚ ůŝƉŽĐĂůŝŶ ;E'>ͿǁĂƐ ŝŶĐƌĞĂƐĞĚϭϮͲĨŽůĚ ŝŶŬŝĚŶĞǇƟƐƐƵĞŽĨϱͬϲEǆŵŝĐĞĂŶĚ
хϱϬϬͲĨŽůĚŝŶͲƚƌĞĂƚĞĚŵŝĐĞ;&ŝŐƵƌĞϭĐͲĚͿ͘DŽƌĞŽǀĞƌ͕ ŵŝĐĞƐƵďũĞĐƚĞĚƚŽĞŝƚŚĞƌϱͬϲEǆ
Žƌ  ƚƌĞĂƚŵĞŶƚ ĚĞǀĞůŽƉĞĚ ƐĞǀĞƌĞ ƉŽůǇƵƌŝĂ ĐŽŵƉĂƌĞĚ ƚŽ ƐŚĂŵͲŽƉĞƌĂƚĞĚ Žƌ ĐŽŶƚƌŽů
ŵŝĐĞ͕ƌĞƐƉĞĐƟǀĞůǇ;dĂďůĞϮͿ͘
Development of kidney failure disturbed electrolyte homeostasis
dŽ ŝŶǀĞƐƟŐĂƚĞ ƚŚĞ ĐŽŶƐĞƋƵĞŶĐĞƐ ŽĨ ŝŶĚƵĐĞĚ ƌĞŶĂů ĨĂŝůƵƌĞ ŽŶ ĞůĞĐƚƌŽůǇƚĞ ŚŽŵĞŽƐƚĂƐŝƐ͕
ďůŽŽĚůĞǀĞůƐĂŶĚƵƌŝŶĂƌǇĞǆĐƌĞƟŽŶŽĨĂ2+ and PiǁĞƌĞĚĞƚĞƌŵŝŶĞĚ͘EŽǀĂƌŝĂƟŽŶƐŝŶďůŽŽĚ
Ca2+ and Pi levels were found within experimental groups prior to onset of the experiments 
(data not shown). 5/6Nx mice were hypercalcemic compared to sham-operated mice 
ĂŶĚĂĚĚŝƟŽŶĂůůǇĚŝƐƉůĂǇĞĚĞůĞǀĂƚĞĚϮϰͲŚŽƵƌƐƵƌŝŶĂƌǇĂ2+ĞǆĐƌĞƟŽŶ;dĂďůĞϯͿ͘/ŶĐŽŶƚƌĂƐƚ͕
ŶŽ ĚŝīĞƌĞŶĐĞƐ ǁĞƌĞ ŽďƐĞƌǀĞĚ ŝŶ ďůŽŽĚ Wi levels or 24-hours urinary Pi ĞǆĐƌĞƟŽŶ͘ /Ŷ
ĂĐĐŽƌĚĂŶĐĞ͕ͲƚƌĞĂƚĞĚŵŝĐĞĚŝƐƉůĂǇĞĚƉƌŽŐƌĞƐƐŝǀĞŚǇƉĞƌĐĂůĐĞŵŝĂĂŶĚŝŶĐƌĞĂƐĞĚƵƌŝŶĂƌǇ
Ca2+ ĞǆĐƌĞƟŽŶǁŚĞŶ ĐŽŵƉĂƌĞĚ ƚŽ ĐŽŶƚƌŽůŵŝĐĞ ;dĂďůĞ ϯͿ͘ ůŽŽĚWi levels progressively 
ŝŶĐƌĞĂƐĞĚĂŶĚǁĞƌĞƐŝŐŶŝĮĐĂŶƚůǇĞůĞǀĂƚĞĚĂŌĞƌϰǁĞĞŬƐĐŽŵƉĂƌĞĚƚŽĐŽŶƚƌŽůŵŝĐĞ͘EŽ
ĞīĞĐƚƐǁĞƌĞĚĞƚĞĐƚĞĚŽŶϮϰͲŚŽƵƌƐƵƌŝŶĂƌǇWiĞǆĐƌĞƟŽŶ͕ǁŚĞƌĞĂƐĂŌĞƌϰǁĞĞŬƐĚŝĞƚ
ƚŚĞĨƌĂĐƟŽŶĂůĞǆĐƌĞƟŽŶŽĨWiǁĂƐƐŝŐŶŝĮĐĂŶƚůǇĞůĞǀĂƚĞĚĐŽŵƉĂƌĞĚƚŽĐŽŶƚƌŽůŵŝĐĞ;ϮϲцϮ
ĂŶĚϰϬцϯй&ƌĂĐƟŽŶĂůǆĐƌĞƟŽŶŽĨWiͿĨŽƌĐŽŶƚƌŽůĂŶĚͲƚƌĞĂƚĞĚŵŝĐĞ͕ƌĞƐƉĞĐƟǀĞůǇ͘ /Ŷ
ĂĚĚŝƟŽŶ͕ďůŽŽĚƌĞĂƟŶŝŶĞůĞǀĞůƐǁĞƌĞƐŝŐŶŝĮĐĂŶƚůǇĞůĞǀĂƚĞĚŝŶďŽƚŚŵŽĚĞůƐǁŚŝůĞƵƌŝŶĞ
ƌĞĂƟŶŝŶĞůĞǀĞůƐǁĞƌĞƐŝŐŶŝĮĐĂŶƚůǇƌĞĚƵĐĞĚŽŶůǇŝŶϱͬϲEǆŵŝĐĞ;dĂďůĞϯͿ͘
dĂďůĞϮͮdŚĞĞīĞĐƚƐŽĨŝŶĚƵĐĞĚ<ŽŶŐĞŶĞƌĂůƉŚǇƐŝŽůŽŐŝĐĂůƉĂƌĂŵĞƚĞƌƐ  ͘
tĂƚĞƌŝŶƚĂŬĞ;ŵ>Ϳ hƌŝŶĞ;ŵ>Ϳ &ŽŽĚŝŶƚĂŬĞ;ŐƌͿ &ĂĞĐĞƐƉƌŽĚƵĐƟŽŶ;ŐƌͿ
^ŚĂŵ;ŶсϱͿ 4.2±0.8 0.5±0.1 3.3±0.1 0.9±0.1
ϱͬϲEǆ;ŶсϵͿ 8.4±1.0* 2.5±0.2* 3.2±0.3 0.9±0.1
ƚƌůĚŝĞƚ;ŶсϱͿ 4.4±0.3 1.3±0.2 3.9±0.1 2.0±0.1
ϮǁŬ;ŶсϱͿ 10.8±0.5* 6.0±0.2* 3.8±0.1 1.7±0.1
ϰǁŬ;ŶсϱͿ 11.1±0.4* 7.9±0.4* 3.4±0.1* 1.4±0.1*
WŚǇƐŝŽůŽŐŝĐĂůŵĞĂƐƵƌĞŵĞŶƚƐŽĨŵŝĐĞƐƵďũĞĐƚĞĚƚŽϱͬϲEǆŽƌƐŚĂŵŽƉĞƌĂƟŽŶ͕ĂŶĚƐƵďũĞĐƚĞĚƚŽƚƌĞĂƚŵĞŶƚ
ĨŽƌĞŝƚŚĞƌϮŽƌϰǁĞĞŬƐŽƌĐŽŶƚƌŽůĚŝĞƚ͘ĂƚĂĂƌĞĐŽůůĞĐƚĞĚĂŌĞƌϮϰŚŽƵƌƐŚŽƵƐŝŶŐŝŶŝŶĚŝǀŝĚƵĂůŵĞƚĂďŽůŝĐĐĂŐĞƐ͕
ĂŶĚĂƌĞŝŶĚŝĐĂƚĞĚĂƐŵĞĂŶц^D͘ΎWфϬ͘ϬϱĐŽŵƉĂƌĞĚƚŽĞŝƚŚĞƌƐŚĂŵͲŽƉĞƌĂƟŽŶŽƌƚŽĐŽŶƚƌŽůĚŝĞƚ͘
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dĂďůĞϯͮdŚĞĞīĞĐƚƐŽĨŝŶĚƵĐĞĚ<ŽŶĚĞƌĞŐƵůĂƚĞĚĂ2+ and PiŚŽŵĞŽƐƚĂƐŝƐ͘
ƌĞĂƟŶŝŶĞ
;ŵŵŽůͬ>Ϳ
Ca2+ 
;ŵŵŽůͬ>Ϳ
Pi 
;ŵŵŽůͬ>Ϳ
Urinary Crea 
;ŵŵŽůͬ>Ϳ
Urinary Ca2+ 
;ђŵŽůͬϮϰŚƌͿ
Urinary Pi 
;ђŵŽůͬϮϰŚƌͿ
^ŚĂŵ;ŶсϱͿ 21.6±1.2 1.7±0.1 1.7±0.0 1.9±0.2 2.0±0.3 28±2
ϱͬϲEǆ;ŶсϵͿ 33.6±4.7* 2.1±0.1* 1.7±0.2 0.3±0.0* 6.8±0.3* 34±2
ƚƌůĚŝĞƚ;ŶсϱͿ 23.8±0.2 2.2±0.0 2.0±0.1 3.2±0.3 3.4±0.5 69±10
ϮǁŬ;ŶсϱͿ 27.2±1.2* 2.4±0.1 2.1±0.1 3.2±0.4 9.3±0.7* 83±13
ϰǁŬ;ŶсϱͿ 53.6±0.9* 2.8±0.0* 2.7±0.2 * 3.8±0.1 18.7±1.2* 58±8
>ĞǀĞůƐŽĨĐƌĞĂƟŶŝŶĞ͕Ă2+ and Pi measured in blood or urine of sham-operated and 5/6Nx mice, or mice 
ƐƵďũĞĐƚĞĚƚŽĐŽŶƚƌŽůĚŝĞƚŽƌƚƌĞĂƚŵĞŶƚĨŽƌĞŝƚŚĞƌϮŽƌϰǁĞĞŬƐ͘ĂƚĂĂƌĞŝŶĚŝĐĂƚĞĚĂƐŵĞĂŶц^D͘
ΎWфϬ͘ϬϱĐŽŵƉĂƌĞĚƚŽĞŝƚŚĞƌƐŚĂŵŽƉĞƌĂƟŽŶŽƌƚŽĐŽŶƚƌŽůĚŝĞƚ͘
&ŝŐƵƌĞϭͮWĂƌƟĂůŶĞƉŚƌĞĐƚŽŵǇĂŶĚĂĚĞŶŝŶĞͲĞŶƌŝĐŚĞĚĚŝĞƚĂƌǇƚƌĞĂƚŵĞŶƚŝŶĚƵĐĞĚ<͘Mice subjected 
to ;ͿƉĂƌƟĂůŶĞƉŚƌĞĐƚŽŵǇ;ϱͬϲEǆ͖ŶсϵͿĂŌĞƌϯǁĞĞŬƐĂŶĚ;ͿĂĚĞŶŝŶĞͲĞŶƌŝĐŚĞĚĚŝĞƚĂƌǇƚƌĞĂƚŵĞŶƚ;͖
n=5) for either 2 or 4 weeks display elevated blood urea levels, when compared to sham-operated (n=5) 
ŽƌĐŽŶƚƌŽůŵŝĐĞ;ŶсϱͿ͕ƌĞƐƉĞĐƟǀĞůǇ͘ ZĞŶĂůĞǆƉƌĞƐƐŝŽŶŽĨƚƵďƵůĂƌŝŶũƵƌǇŵĂƌŬĞƌE'>ŝƐƐŝŐŶŝĮĐĂŶƚůǇĞůĞǀĂƚĞĚ
in ;Ϳ5/6Nx mice and ;ͿŵŝĐĞĂŌĞƌϮĂŶĚϰǁĞĞŬƐ͕ĐŽŵƉĂƌĞĚƚŽƐŚĂŵͲŽƉĞƌĂƚĞĚŽƌĐŽŶƚƌŽůŵŝĐĞ͕
ƌĞƐƉĞĐƟǀĞůǇ͘ ĂƚĂĂƌĞŵĞĂŶц^D͘ΎWфϬ͘ϬϱĐŽŵƉĂƌĞĚƚŽĞŝƚŚĞƌƐŚĂŵͲŽƉĞƌĂƚĞĚŽƌĐŽŶƚƌŽůŵŝĐĞ͘
44
Chapter 2
/ŶĚƵĐƟŽŶŽĨĞǆƉĞƌŝŵĞŶƚĂů<ĂůƚĞƌĞĚ&'&ϮϯͲɲŬůŽƚŚŽ signalling
/ŶŽƌĚĞƌƚŽĚĞƚĞƌŵŝŶĞǁŚĞƚŚĞƌŝŶĚƵĐĞĚŬŝĚŶĞǇĨĂŝůƵƌĞƌĞƐƵůƚƐŝŶĂůƚĞƌĞĚ&'&ϮϯͲɲŬůŽƚŚŽ
ƐŝŐŶĂůůŝŶŐ͕ǁĞĮƌƐƚŵĞĂƐƵƌĞĚ&'&ϮϯůĞǀĞůƐŝŶƚŚĞďůŽŽĚ͘&'&ϮϯůĞǀĞůƐƚĞŶĚĞĚƚŽďĞĞůĞǀĂƚĞĚ
in 5/6Nx mice when compared to sham-operated mice (Figure 2a), and progressively 
ŝŶĐƌĞĂƐĞĚŝŶŵŝĐĞĐŽŵƉĂƌĞĚƚŽĐŽŶƚƌŽůŵŝĐĞ;&ŝŐƵƌĞϮď͖WфϬ͘ϬϱͿ͘ϱͬϲEǆĚŝĚŶŽƚĂīĞĐƚ
ƌĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶŽĨƚŚĞƉƌŝŵĂƌǇ&'&ϮϯƌĞĐĞƉƚŽƌ&'&Zϭ͕ǁŚŝůĞɲŬůŽƚŚŽ expression 
&ŝŐƵƌĞϮͮWƌŽŐƌĞƐƐŝŽŶŽĨ<ĂůƚĞƌĞĚ&'&ϮϯͲɲŬůŽƚŚŽƐŝŐŶĂůůŝŶŐ͘ǆƉĞƌŝŵĞŶƚĂů<ĚĞƌĞŐƵůĂƚĞƐ&'&ϮϯͲ
ɲŬůŽƚŚŽ ƐŝŐŶĂůůŝŶŐ ĂƐ ƌĞŇĞĐƚĞĚ ďǇ ;Ϳ Ă ƚĞŶĚĞŶĐǇ ƚŽǁĂƌĚƐ ĞůĞǀĂƚĞĚ ĐŝƌĐƵůĂƚŽƌǇ &'&Ϯϯ ůĞǀĞůƐ ŝŶ ϱͬϲEǆ
mice and ;ͿƉƌŽŐƌĞƐƐŝǀĞůǇĞůĞǀĂƚĞĚ&'&ϮϯůĞǀĞůƐŝŶƚƌĞĂƚĞĚŵŝĐĞĐŽŵƉĂƌĞĚƚŽĐŽŶƚƌŽůŵŝĐĞ͘ZĞŶĂů
ŵZEĞǆƉƌĞƐƐŝŽŶŽĨ&'&ZϭĂŶĚɲ<ůŽƚŚŽ in ;ͿCKD induced 5/6Nx mice (black bars) compared with sham-
operated groups (white bars) and in;ͿϮǁĞĞŬƐ;ďůĂĐŬďĂƌƐͿĂŶĚϰǁĞĞŬƐ;ŐƌĂǇďĂƌƐͿƚƌĞĂƚĞĚŵŝĐĞ
compared with control groups (white bars). ;ͿZĞƉƌĞƐĞŶƚĂƟǀĞŝŵŵƵŶŽďůŽƚ;ĂůůϯŐƌŽƵƉƐĂƌĞĚŽŶĞŝŶŽŶĞ
blot) and ;&ͿƐĞŵŝͲƋƵĂŶƟƚĂƟǀĞĂŶĂůǇƐŝƐĨŽƌɲ<ůŽƚŚŽ ;͖ƵƉƉĞƌƉĂŶĞůͿĂŶĚɴͲĂĐƟŶ;͖ůŽǁĞƌƉĂŶĞůͿƉƌŽƚĞŝŶ
ĞǆƉƌĞƐƐŝŽŶŝŶƌĞŶĂůůǇƐĂƚĞƐŽĨĐŽŶƚƌŽůŽƌƚƌĞĂƚĞĚŵŝĐĞ͕ǁŚŝĐŚŝŶĚŝĐĂƚĞƐƌĞĚƵĐĞĚƌĞŶĂůɲ<ůŽƚŚŽ protein 
expression upon CKD.  Data are mean ± SEM. *P<0.05 compared to control mice. 
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ƚĞŶĚĞĚ ƚŽďĞĚĞĐƌĞĂƐĞĚ͕ĂůƚŚŽƵŐŚŶŽƚ ƐƚĂƟƐƟĐĂůůǇ ƐŝŐŶŝĮĐĂŶƚ ;&ŝŐƵƌĞϮĐͿ͘ͲƚƌĞĂƚĞĚ
ŵŝĐĞĚĞŵŽŶƐƚƌĂƚĞĚĂŵŝůĚ ƌĂŝƐĞ ŝŶ &'&Zϭ ;ĂŌĞƌϰǁĞĞŬƐͿ ĂŶĚĂƉƌŽŐƌĞƐƐŝǀĞ ;хϮͲĨŽůĚͿ
ƌĞĚƵĐƟŽŶ ŝŶ ƌĞŶĂůɲŬůŽƚŚŽŵZEĞǆƉƌĞƐƐŝŽŶ ;&ŝŐƵƌĞϮĚ͖WфϬ͘Ϭϱ ĨŽƌďŽƚŚƟŵĞƉŽŝŶƚƐͿ
ǁŚĞŶĐŽŵƉĂƌĞĚƚŽĐŽŶƚƌŽůŵŝĐĞ͘/ŶĂĚĚŝƟŽŶ͕ĂϮͲĨŽůĚĚĞĐůŝŶĞŝŶƌĞŶĂůɲŬůŽƚŚŽ expression 
ĨŽůůŽǁŝŶŐƚƌĞĂƚŵĞŶƚǁĂƐĐŽŶĮƌŵĞĚŽŶƉƌŽƚĞŝŶůĞǀĞů;&ŝŐƵƌĞϮĞͲĨ͖WфϬ͘ϬϱĨŽƌďŽƚŚ
ƟŵĞƉŽŝŶƚƐͿ͘ ^ŝŶĐĞ ŝŶŇĂŵŵĂƟŽŶ ŝƐ ĂŶŽƚŚĞƌŚĂůůŵĂƌŬŽĨ<ǁĞĂĚĚŝƟŽŶĂůůǇ ĐŚĞĐŬĞĚ
ǁŚĞƚŚĞƌĂŶĂĐƵƚĞŝŶŇĂŵŵĂƚŽƌǇƐƟŵƵůƵƐĐŽƵůĚĂīĞĐƚ&'&ϮϯůĞǀĞůƐĚŝƌĞĐƚůǇ͘/ŶƚĞƌĞƐƟŶŐůǇ͕ 
ďŽƚŚŽŶĂŶĚdE&ɲĂĚŵŝŶŝƐƚƌĂƟŽŶŝŶǀŝǀŽƌĞƐƵůƚĞĚŝŶƐŝŐŶŝĮĐĂŶƚůǇĞůĞǀĂƚĞĚƌĞŶĂů&'&Ϯϯ
ŵZEĞǆƉƌĞƐƐŝŽŶŝŶtdŵŝĐĞ;&ŝŐƵƌĞϯĂͿ͘
CKD progression augmented both renal vitamin-D synthesis and blood PTH
<ŝŶĚƵĐĞĚďǇĞŝƚŚĞƌϱͬϲEǆŽƌͲƚƌĞĂƚŵĞŶƚĂƵŐŵĞŶƚĞĚďůŽŽĚWd,ůĞǀĞůƐŝŶďŽƚŚϱͬϲEǆ
;&ŝŐƵƌĞϰĂ͖WфϬ͘ϬϱͿĂŶĚͲƚƌĞĂƚĞĚŵŝĐĞ;&ŝŐƵƌĞϰĚ͖WфϬ͘ϬϱĨŽƌďŽƚŚƟŵĞƉŽŝŶƚƐͿ͘<
ĚĞǀĞůŽƉŵĞŶƚƌĞƐƵůƚĞĚŝŶĂϱͲƚŽϭϯͲĨŽůĚŝŶĐƌĞĂƐĞĚƌĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶŽĨƚŚĞƉƌŝŵĂƌǇ
vitamin-D regulatory enzyme 25-hydroxyvitamin D3 ϭɲͲŚǇĚƌŽǆǇůĂƐĞ ;ǇƉϮϳďϭͿ ǁŚĞŶ
compared to sham-operated or control-diet fed mice, respectively (Figure 4b and e). 
/ŶĐŽŶƚƌĂƐƚ͕ŶŽĞīĞĐƚƐǁĞƌĞŽďƐĞƌǀĞĚŽŶƌĞŶĂůϭ͕ϮϱͲĚŝŚǇĚƌŽǆǇǀŝƚĂŵŝŶ3 24-hydroxylase 
;ǇƉϮϰĂϭͿŵZEĞǆƉƌĞƐƐŝŽŶ͘/ŶĂĐĐŽƌĚĂŶĐĞ͕ďůŽŽĚϭ͕ϮϱͲĚŝŚǇĚƌŽǆǇǀŝƚĂŵŝŶ3 was higher 
ŝŶϱͬϲEǆŵŝĐĞĐŽŵƉĂƌĞĚƚŽƐŚĂŵͲŽƉĞƌĂƚĞĚŵŝĐĞĂŌĞƌϯǁĞĞŬƐ;&ŝŐƵƌĞϰĐ͖ƉфϬ͘ϬϱͿ͕ĂŶĚ
ǁĂƐ ĂƐ ǁĞůů ĞůĞǀĂƚĞĚ ŝŶ Ϯ ĂŶĚ ϰǁĞĞŬƐ ͲƚƌĞĂƚĞĚŵŝĐĞ ĐŽŵƉĂƌĞĚ ƚŽ ĐŽŶƚƌŽůŵŝĐĞ
;&ŝŐƵƌĞϰĨ͖WфϬ͘ϬϱĨŽƌďŽƚŚƟŵĞƉŽŝŶƚƐͿ͘,ŽǁĞǀĞƌϰǁĞĞŬƐͲƚƌĞĂƚĞĚŵŝĐĞĞǆŚŝďŝƚĞĚ
ĂƐŝŐŶŝĮĐĂŶƚƌĞĚƵĐƟŽŶŝŶƚŚĞlevel of 1,25-dihydroxy vitamin D3 in compare to 2 weeks 
ͲƚƌĞĂƚĞĚŵŝĐĞ;&ŝŐƵƌĞϰĨ͖WфϬ͘Ϭϱ͖ϰǁĞĞŬƐǀƐ͘ϮǁĞĞŬƐͿ͘
<ĂůƚĞƌĞĚĞǆƉƌĞƐƐŝŽŶŽĨĐƌƵĐŝĂůƌĞŶĂůĐĂůĐŝƵŵĂŶĚƉŚŽƐƉŚĂƚĞƚƌĂŶƐƉŽƌƚĞƌƐ
dŽĐŚĂƌĂĐƚĞƌŝǌĞƚŚĞŝŵƉĂĐƚŽĨ<ŽŶƚƵďƵůĂƌĞůĞĐƚƌŽůǇƚĞƚƌĂŶƐƉŽƌƚƌĞŐƵůĂƟŽŶ͕ƚŚĞƌĞŶĂů
expression of Ca2+ and PiƚƌĂŶƐƉŽƌƚĞƌƐǁĂƐĚĞƚĞƌŵŝŶĞĚ͘ZĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶŽĨdZWsϱ
and calbindin-D28k͕ǁŚŝĐŚĂƌĞƐƉĞĐŝĮĐĂůůǇĞǆƉƌĞƐƐĞĚŝŶƚŚĞĚŝƐƚĂůĐŽŶǀŽůƵƚĞĚƚƵďƵůĞ͕ǁĂƐ
ϮͲĨŽůĚ ŝŶĐƌĞĂƐĞĚ ŝŶϱͬϲEǆŵŝĐĞĐŽŵƉĂƌĞĚ ƚŽƐŚĂŵͲŽƉĞƌĂƚĞĚŵŝĐĞ ;&ŝŐƵƌĞϱĂͿ͘ /Ŷ ůŝŶĞ͕
ŵŝĐƌŽƉŚŽƚŽŐƌĂƉŚƐ ŽĨ ŬŝĚŶĞǇ ƟƐƐƵĞ ĚĞŵŽŶƐƚƌĂƚĞĚ ĐŽŶĐŽŵŝƚĂŶƚ ŝŶĐƌĞĂƐĞƐ ŽŶ ƉƌŽƚĞŝŶ
ĞǆƉƌĞƐƐŝŽŶ;&ŝŐƵƌĞϱďͿ͘ĚĚŝƟŽŶĂůůǇ͕ ƚƌĞĂƚŵĞŶƚ ŝŶĚƵĐĞĚĂϱͲĨŽůĚ ŝŶĐƌĞĂƐĞŽĨƌĞŶĂů
&ŝŐƵƌĞϯͮdŚĞĞīĞĐƚƐŽŶƌĞŶĂů&'&ϮϯĂŶĚdZWsϱŵZEĞǆƉƌĞƐƐŝŽŶŝŶŵŝĐĞŝŶũĞĐƚĞĚǁŝƚŚŝŶŇĂŵŵĂƚŽƌǇ
ƐƟŵƵůŝŽŶĂŶĚdE&ɲ͘ZĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶŽĨ&'&Ϯϯ;AͿŽƌdZWsϱ;BͿŝŶŵŝĐĞŝŶũĞĐƚĞĚǁŝƚŚŽŶ;ůĞŌ
ŐƌĂƉŚͿĂŶĚdE&ɲ;ƌŝŐŚƚŐƌĂƉŚͿ͕ďŽƚŚĐŽŵƉĂƌĞĚǁŝƚŚǀĞŚŝĐůĞͲƚƌĞĂƚĞĚŵŝĐĞ;W^Ϳ͘ĂƚĂĂƌĞŝŶĚŝĐĂƚĞĚĂƐĨŽůĚ
ŝŶĚƵĐƟŽŶĂŶĚƉƌĞƐĞŶƚĂŵĞĂŶц^D͘ΎWфϬ͘ϬϱĐŽŵƉĂƌĞĚƚŽĐŽŶƚƌŽůŵŝĐĞ͘
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&ŝŐƵƌĞϰͮǆƉĞƌŝŵĞŶƚĂůŬŝĚŶĞǇĨĂŝůƵƌĞĂƵŐŵĞŶƚĞĚƌĞŶĂůǀŝƚĂŵŝŶͲƐǇŶƚŚĞƐŝƐĂŶĚŝŶĚƵĐĞĚƐĞĐŽŶĚĂƌǇ
ŚǇƉĞƌƉĂƌĂƚŚǇƌŽŝĚŝƐŵ͘;ͿWd,ůĞǀĞůƐǁĞƌĞĞůĞǀĂƚĞĚƚŚƌĞĞǁĞĞŬƐĂŌĞƌϱͬϲEǆ͘;ͿŵZEĞǆƉƌĞƐƐŝŽŶŽĨ
Cyp27b1 and Cyp24a1 in 5/6Nx mice (black bars) compared with sham-operated group (white bars). ;Ϳ 
levels of 1,25-dihydroxy vitamin D3 in the blood were measured in mice with 5/6Nx nephrectomy. ;Ϳ 
Wd,ůĞǀĞůƐǁĞƌĞĞůĞǀĂƚĞĚƉƌŽŐƌĞƐƐŝǀĞůǇŝŶƚƌĞĂƚĞĚŵŝĐĞŝŶďŽƚŚϮǁĞĞŬƐĂŶĚϰǁĞĞŬƐƚƌĞĂƚĞĚ
mice compared with control groups.;ͿŵZEĞǆƉƌĞƐƐŝŽŶŽĨǇƉϮϳďϭĂŶĚǇƉϮϰĂϭŝŶ<ŝŶĚƵĐĞĚďǇϮ
ǁĞĞŬƐ;ďůĂĐŬďĂƌƐͿĂŶĚϰǁĞĞŬƐ;ŐƌĂǇďĂƌƐͿƚƌĞĂƚĞĚŵŝĐĞĐŽŵƉĂƌĞĚǁŝƚŚĐŽŶƚƌŽůŐƌŽƵƉƐ;ǁŚŝƚĞďĂƌƐͿ
and ;&Ϳlevels of 1,25-dihydroxy vitamin D3ŝŶĐƌĞĂƐĞĚŝŶϮǁĞĞŬƐƚƌĞĂƚĞĚŵŝĐĞŝŶĐŽŵƉĂƌĞƚŽĐŽŶƚƌŽů
ŵŝĐĞ͘dŚŝƐǁĂƐƐŝŐŶŝĮĐĂŶƚůǇƌĞĚƵĐĞĚŝŶϰǁĞĞŬƐƚƌĞĂƚĞĚŵŝĐĞŝŶĐŽŵƉĂƌĞƚŽϮǁĞĞŬƐƚƌĞĂƚĞĚ
mice. Data are mean ± SEM. *P<0.05 compared to either sham-operated or control mice. 
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dZWsϱ͕ ďƵƚ ĚŝĚ ŶŽƚ ĂīĞĐƚ ƌĞŶĂů ĐĂůďŝŶĚŝŶͲ28kŵZEĞǆƉƌĞƐƐŝŽŶ ĐŽŵƉĂƌĞĚ ƚŽ ĐŽŶƚƌŽů
ŵŝĐĞ;&ŝŐƵƌĞϱĐͿ͘ŽŵƉĂƌĂďůĞƉĂƩĞƌŶƐǁĞƌĞĂůƐŽŽďƐĞƌǀĞĚŽŶƉƌŽƚĞŝŶůĞǀĞů;&ŝŐƵƌĞϱĚͿ͘
<ŝĚŶĞǇ ŝŶũƵƌǇ ŝŶĚƵĐĞĚďǇĞŝƚŚĞƌϱͬϲEǆŽƌ ƚƌĞĂƚŵĞŶƚ ƌĞĚƵĐĞĚƌĞŶĂůĞǆƉƌĞƐƐŝŽŶŽĨ
sodium-dependent Pi ƚƌĂŶƐƉŽƌƚĞƌƐ EĂWŝͲ//Ă ĂŶĚ WŝƚϮ ŵŽƌĞ ƚŚĂŶ ϮͲĨŽůĚ͕ ďƵƚ ĞůĞǀĂƚĞĚ
ƌĞŶĂů EĂWŝͲ//ď ĞǆƉƌĞƐƐŝŽŶ ϮͲ ƚŽ ϮϬͲĨŽůĚ ĐŽŵƉĂƌĞĚ ƚŽ ƐŚĂŵͲŽƉĞƌĂƚĞĚ Žƌ ĐŽŶƚƌŽůŵŝĐĞ͕
ƌĞƐƉĞĐƟǀĞůǇ ;&ŝŐƵƌĞ ϲĂͲďͿ͘KŶ ƚŚĞ ĐŽŶƚƌĂƌǇ͕  ƌĞŶĂů ĞǆƉƌĞƐƐŝŽŶ ŽĨ ƚŚĞ ƚŚŝĂǌŝĚĞͲƐĞŶƐŝƟǀĞ
ƐŽĚŝƵŵͲĐŚůŽƌŝĚĞ ĐŽͲƚƌĂŶƐƉŽƌƚĞƌ ;EͿ ƐƉĞĐŝĮĐĂůůǇ ƉƌĞƐĞŶƚ ŝŶ ƚŚĞ ĚŝƐƚĂů ĐŽŶǀŽůƵƚĞĚ
ƚƵďƵůĞ͕ǁĂƐŶŽƚĂīĞĐƚĞĚŝŶĞŝƚŚĞƌϱͬϲEǆŽƌͲƚƌĞĂƚĞĚŵŝĐĞ;ĂƚĂŶŽƚƐŚŽǁŶͿ͘
&ŝŐƵƌĞϱͮ<ĚĞǀĞůŽƉŵĞŶƚŝŶĐƌĞĂƐĞĚĞǆƉƌĞƐƐŝŽŶŽĨƚƵďƵůĂƌĐĂůĐŝƵŵƚƌĂŶƐƉŽƌƚĞƌƐ͘;ͿŵZEĞǆƉƌĞƐƐŝŽŶ
of the renal apical Ca2+ƚƌĂŶƐƉŽƌƚĞƌdZWsϱĂŶĚŝŶƚƌĂĐĞůůƵůĂƌĐĂůĐŝƵŵƐŚƵƩůŝŶŐƉƌŽƚĞŝŶĐĂůďŝŶĚŝŶͲ28K in the 
CKD induced 5/6Nx mice (black bars) compared to sham-operated mice (white bars). ;ͿZĞƉƌĞƐĞŶƚĂƟǀĞ
ŵŝĐƌŽƉŚŽƚŽŐƌĂƉŚƐĨŽƌƌĞŶĂůdZWsϱĂŶĚĐĂůďŝŶĚŝŶͲ28KƉƌŽƚĞŝŶĞǆƉƌĞƐƐŝŽŶŝŶŬŝĚŶĞǇƟƐƐƵĞĨƌŽŵ<ŝŶĚƵĐĞĚ
5/6Nx mice and sham-operated mice. ;ͿŵZEĞǆƉƌĞƐƐŝŽŶŽĨƚŚĞƌĞŶĂůĂƉŝĐĂůĂ2+ƚƌĂŶƐƉŽƌƚĞƌdZWsϱĂŶĚ
ŝŶƚƌĂĐĞůůƵůĂƌĐĂůĐŝƵŵƐŚƵƩůŝŶŐƉƌŽƚĞŝŶĐĂůďŝŶĚŝŶͲ28KŝŶŵŝĐĞĨĞĚǁŝƚŚĚŝĞƚĨŽƌϮǁĞĞŬƐ;ďůĂĐŬďĂƌƐͿĂŶĚϰ
weeks (gray bars) compared with control diet fed mice (white bars). ;ͿZĞƉƌĞƐĞŶƚĂƟǀĞŵŝĐƌŽƉŚŽƚŽŐƌĂƉŚƐ
ĨŽƌƌĞŶĂůdZWsϱĂŶĚĐĂůďŝŶĚŝŶͲ28KƉƌŽƚĞŝŶĞǆƉƌĞƐƐŝŽŶŝŶŬŝĚŶĞǇƟƐƐƵĞĨƌŽŵ<ŝŶĚƵĐĞĚƚƌĞĂƚĞĚ;ϰ
ǁĞĞŬƐͿĂŶĚĐŽŶƚƌŽůŵŝĐĞ͘ĂƌƐƌĞƉƌĞƐĞŶƚϭϬϬ+m. Data are mean ± SEM. *P<0.05 compared to either sham-
operated or control mice.
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&'&ϮϯŝŶŝƟĂƚĞĚĂĚĂƉƟǀĞŵĞĐŚĂŶŝƐŵƐŽĨƌĞŶĂůĐĂůĐŝƵŵŚĂŶĚůŝŶŐ
dŽŐĂŝŶŝŶƐŝŐŚƚǁŚĞƚŚĞƌŝŶŇĂŵŵĂƚŽƌǇƐƟŵƵůŝĚŝƌĞĐƚůǇĂīĞĐƚƌĞŶĂůĂ2+ŚĂŶĚůŝŶŐ͕dZWsϱ
ŵZEĞǆƉƌĞƐƐŝŽŶǁĂƐĚĞƚĞƌŵŝŶĞĚŝŶtdŵŝĐĞĨŽůůŽǁŝŶŐŽŶŽƌdE&ɲĂĚŵŝŶŝƐƚƌĂƟŽŶ͘
ŽŶ͕ďƵƚŶŽƚdE&ɲĂĚŵŝŶŝƐƚƌĂƟŽŶƌĞƐƵůƚĞĚŝŶĞůĞǀĂƚĞĚƌĞŶĂůdZWsϱŵZEĞǆƉƌĞƐƐŝŽŶ
;&ŝŐƵƌĞϯďͿ͘&ƵƌƚŚĞƌŵŽƌĞ͕ƚŽĚĞƚĞƌŵŝŶĞǁŚĞƚŚĞƌ&'&ϮϯĂīĞĐƚƐƌĞŶĂůĂ2+ handling, total 
ŬŝĚŶĞǇƟƐƐƵĞŽĨƚƌĂŶƐŐĞŶŝĐŵŝĐĞ͕ĞǆƉƌĞƐƐŝŶŐ'&WĚƌŝǀĞŶďǇƚŚĞdZWsϱƉƌŽŵŽƚĞƌ͕ ǁĂƐ
ƵƐĞĚƚŽĚĞƚĞƌŵŝŶĞŵZEĞǆƉƌĞƐƐŝŽŶŽĨdZWsϱ͕ĐĂůďŝŶĚŝŶͲ28kĂŶĚ'&W͕ ĂƐĂsurrogate 
ŵĂƌŬĞƌĨŽƌdZWsϱƚƌĂŶƐĐƌŝƉƟŽŶ͘ǆŽŐĞŶŽƵƐ&'&ϮϯĂĚŵŝŶŝƐƚƌĂƟŽŶƌĞƐƵůƚĞĚŝŶĂŶŝŶĐƌĞĂƐĞĚ
ƌĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶŽĨdZWsϱ;&ŝŐƵƌĞϳĂ͖WфϬ͘ϬϱͿĂŶĚĂƚĞŶĚĞŶĐǇƚŽǁĂƌĚƐŝŶĐƌĞĂƐĞĚ
calbindin-D28kĞǆƉƌĞƐƐŝŽŶ;&ŝŐƵƌĞϳĂͿ͘/ŶĂĚĚŝƟŽŶ͕'&WŵZEĞǆƉƌĞƐƐŝŽŶƚĞŶĚĞĚƚŽďĞ
ĞůĞǀĂƚĞĚĨŽůůŽǁŝŶŐ&'&ϮϯŝŶĨƵƐŝŽŶ͕ĂůƚŚŽƵŐŚŶŽƚƐƚĂƟƐƟĐĂůůǇƐŝŐŶŝĮĐĂŶƚ͕ǁŚĞŶĐŽŵƉĂƌĞĚ
to control mice (Figure 7a). 
dZWsϱƉƌŽƚĞŝŶĞǆƉƌĞƐƐŝŽŶĐĂŶŶŽƚďĞĚĞƚĞƌŵŝŶĞĚďǇŝŵŵƵŶŽďůŽƫŶŐĚŝƌĞĐƚůǇďĞĐĂƵƐĞŽĨ
ƚŚĞůĂĐŬŽĨĂƉƉƌŽƉƌŝĂƚĞƉƌŝŵĂƌǇĂŶƟďŽĚŝĞƐ͘tĞƚŚĞƌĞĨŽƌĞƉĞƌĨŽƌŵĞĚtĞƐƚĞƌŶďůŽƫŶŐŽŶ
ŬŝĚŶĞǇ ůǇƐĂƚĞƐ  ĨƌŽŵ ƚƌĂŶƐŐĞŶŝĐ ŵŝĐĞ ƚŚĂƚ ĞǆƉƌĞƐƐĞƐ ŶŚĂŶĐĞĚ 'ƌĞĞŶ &ůƵŽƌĞƐĐĞŶƚ
WƌŽƚĞŝŶ;'&WϯϭŬͿĚƌŝǀĞŶďǇƚŚĞdZWsϱƉƌŽŵŽƚĞƌ͘ hƐŝŶŐƚŚŝƐĂƉƉƌŽĂĐŚ͕ĚĞƚĞƌŵŝŶĂƟŽŶ
ŽĨ '&WĂĐƚ ĂƐ Ă ƐƵƌƌŽŐĂƚĞŵĂƌŬĞƌ ĨŽƌ dZWsϱĞǆƉƌĞƐƐŝŽŶ͘ZĞƉƌĞƐĞŶƚĂƟǀĞƉŝĐƚƵƌĞƐĂƌĞ
ƐŚŽǁŶŝŶƚŚĞ&ŝŐƵƌĞϳď͘ŝŐŝƚĂůƋƵĂŶƟĮĐĂƟŽŶĂŶĂůǇƐŝƐƐŚŽǁĞĚŶŽƐŝŐŶŝĮĐĂŶƚĚŝīĞƌĞŶĐĞƐ
ŝŶ'&WƉƌŽƚĞŝŶĞǆƉƌĞƐƐŝŽŶůĞǀĞůďĞƚǁĞĞŶƚǁŽŐƌŽƵƉƐ;&ŝŐƵƌĞϳĐͿ͘
Ca2+ůĞǀĞůƐŝŶƚŚĞďůŽŽĚǁĞƌĞƵŶĂīĞĐƚĞĚĂŌĞƌϮϰŚƌƐĨŽůůŽǁŝŶŐ&'&ϮϯĂĚŵŝŶŝƐƚƌĂƟŽŶ;&ŝŐƵƌĞ
7d). Changes in systemic phosphate levels in comparison to the control group were not 
detected. This might be due to the short-term period of the experiment. Unfortunately, 
ǁĞĚŝĚŶŽƚŝŶĐůƵĚĞƚŚĞƵƐĞŽĨŵĞƚĂďŽůŝĐĐĂŐĞƐŝŶƚŚĞŝŶŝƟĂůĞǆƉĞƌŝŵĞŶƚĂůƐĞƫŶŐ͘dŚĞƌĞĨŽƌĞ͕
ƚŚĞŵĂŝŶĞīĞĐƚŽĨ&'&ϮϯŝŶĨƵƐŝŽŶ;WiĞǆĐƌĞƚŝŽŶͿĐĂŶŶŽƚďĞǀĂůŝĚĂƚĞĚĐŽŵƉůĞƚĞůǇ͘/ŶŽƌĚĞƌ
to determine the local renal effects of ƌ&'&Ϯϯ ŝŶĨƵƐŝŽŶ͕ ŐĞŶĞ ĞǆƉƌĞƐƐŝŽŶ ŽĨ ƐŽĚŝƵŵͲ
ƉŚŽƐƉŚĂƚĞĐŽƚƌĂŶƐƉŽƌƚĞƌƚǇƉĞϮ;EĂWŝͲ//ĂĂŶĚEĂWŝͲ//ďͿŝŶƌĞŶĂůƟƐƐƵĞǁĞƌĞŵĞĂƐƵƌĞĚ͘
EŽĂůƚĞƌĂƟŽŶƐďĞƚǁĞĞŶƚŚĞŐƌŽƵƉƐǁĞƌĞŚŽǁĞǀĞƌŽďƐĞƌǀĞĚ;&ŝŐƵƌĞϳĨͿ͘
&ŝŐƵƌĞ ϳ ͮ &'&Ϯϯ ĂĚŵŝŶŝƐƚƌĂƟŽŶ ĚŝƌĞĐƚůǇ ĂīĞĐƚĞĚ ƌĞŶĂů ƚƵďƵůĂƌ ĐĂůĐŝƵŵ ƚƌĂŶƐƉŽƌƚ͘ ;Ϳ /ŶƚƌĂǀĞŶŽƵƐ
ĂĚŵŝŶŝƐƚƌĂƟŽŶ ŽĨ ƌĞĐŽŵďŝŶĂŶƚ &'&Ϯϯ ƉƌŽƚĞŝŶ ;ĚĂƌŬͲŐƌĂǇ ďĂƌƐͿ ƌĞƐƵůƚƐ ŝŶ ŝŶĐƌĞĂƐĞĚ dZWsϱ ĂŶĚ Ă
tendency towards elevated calbindin-D28k ƌĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶ͕ǁŚĞŶĐŽŵƉĂƌĞĚƚŽǀĞŚŝĐůĞͲƚƌĞĂƚĞĚ
ŵŝĐĞ;ǁŚŝƚĞďĂƌƐͿ͘ZĞŶĂů'&WŵZEĞǆƉƌĞƐƐŝŽŶ͕ĂƐĂƐƵƌƌŽŐĂƚĞŵĂƌŬĞƌĨŽƌdZWsϱƚƌĂŶƐĐƌŝƉƟŽŶƚĞŶĚĞĚ
ƚŽďĞŝŶĐƌĞĂƐĞĚĨŽůůŽǁŝŶŐ&'&ϮϯĂĚŵŝŶŝƐƚƌĂƟŽŶĐŽŵƉĂƌĞĚƚŽǀĞŚŝĐůĞͲƚƌĞĂƚĞĚŵŝĐĞ͘;ͿZĞƉƌĞƐĞŶƚĂƟǀĞ
immunoblot and ;ͿƐĞŵŝͲƋƵĂŶƟƚĂƟǀĞĂŶĂůǇƐŝƐŽĨ'&W;͖ƵƉƉĞƌƉĂŶĞůͿĂŶĚɴͲĂĐƟŶ;͖ ůŽǁĞƌƉĂŶĞůͿ
ƉƌŽƚĞŝŶ ĞǆƉƌĞƐƐŝŽŶ ŝŶ ƌĞŶĂů ůǇƐĂƚĞƐ ŽĨ ǀĞŚŝĐůĞͲƚƌĞĂƚĞĚŽƌ &'&Ϯϯ ŝŶũĞĐƚĞĚŵŝĐĞ͘ ůŽŽĚ ;ͿCa2+ and ;Ϳ
ƉŚŽƐƉŚĂƚĞůĞǀĞůƐǁĞƌĞŵĞĂƐƵƌĞĚĨŽůůŽǁŝŶŐϮϰŚƌƐŽĨ&'&ϮϯŝŶũĞĐƟŽŶ͘;&ͿŵZEĞǆƉƌĞƐƐŝŽŶŽĨƚŚĞƌĞŶĂů
EĂWŝͲ//ĂĂŶĚEĂWŝͲ//ďŝŶŵŝĐĞŝŶũĞĐƚĞĚǁŝƚŚ&'&Ϯϯ;ŐƌĂǇďĂƌƐͿ͕ĐŽŵƉĂƌĞĚƚŽǀĞŚŝĐůĞͲƚƌĞĂƚĞĚŵŝĐĞ;ǁŚŝƚĞ
bars). Data are mean ± SEM. *P<0.05 compared to control mice.
&ŝŐƵƌĞ ϲ ͮ <ĚĞǀĞůŽƉŵĞŶƚ ĂůƚĞƌĞĚ ƌĞŶĂů ĞǆƉƌĞƐƐŝŽŶ ŽĨ ƚƵďƵůĂƌ ƉŚŽƐƉŚĂƚĞ ƚƌĂŶƐƉŽƌƚĞƌƐ͘ ;ͿŵZE
ĞǆƉƌĞƐƐŝŽŶŽĨƚŚĞƌĞŶĂůEĂWŝͲ//Ă͕WŝƚϮĂŶĚEĂWŝͲ//ďŝŶŵŝĐĞǁŝƚŚ<ĚĞǀĞůŽƉŵĞŶƚŝŶĚƵĐĞĚďǇĞŝƚŚĞƌϱͬϲEǆ
(black bars) or ;ͿϮǁĞĞŬƐ;ďůĂĐŬďĂƌƐͿĂŶĚϰǁĞĞŬƐ;ŐƌĂǇďĂƌƐͿƚƌĞĂƚĞĚŵŝĐĞƚƌĞĂƚŵĞŶƚ͕ǁŚĞŶ
ĐŽŵƉĂƌĞĚƚŽƐŚĂŵͲŽƉĞƌĂƚĞĚ;ǁŚŝƚĞďĂƌƐͿŽƌĐŽŶƚƌŽůŵŝĐĞ;ǁŚŝƚĞďĂƌƐͿ͕ƌĞƐƉĞĐƟǀĞůǇ͘ ĂƚĂĂƌĞŵĞĂŶц^D͘
*P<0.05 compared to either sham-operated or control mice. 
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&'&ϮϯŝŶŝƟĂƚĞĚĂĚĂƉƟǀĞŵĞĐŚĂŶŝƐŵƐŽĨƌĞŶĂůĐĂůĐŝƵŵŚĂŶĚůŝŶŐ
dŽŐĂŝŶŝŶƐŝŐŚƚǁŚĞƚŚĞƌŝŶŇĂŵŵĂƚŽƌǇƐƟŵƵůŝĚŝƌĞĐƚůǇĂīĞĐƚƌĞŶĂůĂ2+ŚĂŶĚůŝŶŐ͕dZWsϱ
ŵZEĞǆƉƌĞƐƐŝŽŶǁĂƐĚĞƚĞƌŵŝŶĞĚŝŶtdŵŝĐĞĨŽůůŽǁŝŶŐŽŶŽƌdE&ɲĂĚŵŝŶŝƐƚƌĂƟŽŶ͘
ŽŶ͕ďƵƚŶŽƚdE&ɲĂĚŵŝŶŝƐƚƌĂƟŽŶƌĞƐƵůƚĞĚŝŶĞůĞǀĂƚĞĚƌĞŶĂůdZWsϱŵZEĞǆƉƌĞƐƐŝŽŶ
;&ŝŐƵƌĞϯďͿ͘&ƵƌƚŚĞƌŵŽƌĞ͕ƚŽĚĞƚĞƌŵŝŶĞǁŚĞƚŚĞƌ&'&ϮϯĂīĞĐƚƐƌĞŶĂůĂ2+ handling, total 
ŬŝĚŶĞǇƟƐƐƵĞŽĨƚƌĂŶƐŐĞŶŝĐŵŝĐĞ͕ĞǆƉƌĞƐƐŝŶŐ'&WĚƌŝǀĞŶďǇƚŚĞdZWsϱƉƌŽŵŽƚĞƌ͕ ǁĂƐ
ƵƐĞĚƚŽĚĞƚĞƌŵŝŶĞŵZEĞǆƉƌĞƐƐŝŽŶŽĨdZWsϱ͕ĐĂůďŝŶĚŝŶͲ28kĂŶĚ'&W͕ ĂƐĂsurrogate 
ŵĂƌŬĞƌĨŽƌdZWsϱƚƌĂŶƐĐƌŝƉƟŽŶ͘ǆŽŐĞŶŽƵƐ&'&ϮϯĂĚŵŝŶŝƐƚƌĂƟŽŶƌĞƐƵůƚĞĚŝŶĂŶŝŶĐƌĞĂƐĞĚ
ƌĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶŽĨdZWsϱ;&ŝŐƵƌĞϳĂ͖WфϬ͘ϬϱͿĂŶĚĂƚĞŶĚĞŶĐǇƚŽǁĂƌĚƐŝŶĐƌĞĂƐĞĚ
calbindin-D28kĞǆƉƌĞƐƐŝŽŶ;&ŝŐƵƌĞϳĂͿ͘/ŶĂĚĚŝƟŽŶ͕'&WŵZEĞǆƉƌĞƐƐŝŽŶƚĞŶĚĞĚƚŽďĞ
ĞůĞǀĂƚĞĚĨŽůůŽǁŝŶŐ&'&ϮϯŝŶĨƵƐŝŽŶ͕ĂůƚŚŽƵŐŚŶŽƚƐƚĂƟƐƟĐĂůůǇƐŝŐŶŝĮĐĂŶƚ͕ǁŚĞŶĐŽŵƉĂƌĞĚ
to control mice (Figure 7a). 
dZWsϱƉƌŽƚĞŝŶĞǆƉƌĞƐƐŝŽŶĐĂŶŶŽƚďĞĚĞƚĞƌŵŝŶĞĚďǇŝŵŵƵŶŽďůŽƫŶŐĚŝƌĞĐƚůǇďĞĐĂƵƐĞŽĨ
ƚŚĞůĂĐŬŽĨĂƉƉƌŽƉƌŝĂƚĞƉƌŝŵĂƌǇĂŶƟďŽĚŝĞƐ͘tĞƚŚĞƌĞĨŽƌĞƉĞƌĨŽƌŵĞĚtĞƐƚĞƌŶďůŽƫŶŐŽŶ
ŬŝĚŶĞǇ ůǇƐĂƚĞƐ  ĨƌŽŵ ƚƌĂŶƐŐĞŶŝĐ ŵŝĐĞ ƚŚĂƚ ĞǆƉƌĞƐƐĞƐ ŶŚĂŶĐĞĚ 'ƌĞĞŶ &ůƵŽƌĞƐĐĞŶƚ
WƌŽƚĞŝŶ;'&WϯϭŬͿĚƌŝǀĞŶďǇƚŚĞdZWsϱƉƌŽŵŽƚĞƌ͘ hƐŝŶŐƚŚŝƐĂƉƉƌŽĂĐŚ͕ĚĞƚĞƌŵŝŶĂƟŽŶ
ŽĨ '&WĂĐƚ ĂƐ Ă ƐƵƌƌŽŐĂƚĞŵĂƌŬĞƌ ĨŽƌ dZWsϱĞǆƉƌĞƐƐŝŽŶ͘ZĞƉƌĞƐĞŶƚĂƟǀĞƉŝĐƚƵƌĞƐĂƌĞ
ƐŚŽǁŶŝŶƚŚĞ&ŝŐƵƌĞϳď͘ŝŐŝƚĂůƋƵĂŶƟĮĐĂƟŽŶĂŶĂůǇƐŝƐƐŚŽǁĞĚŶŽƐŝŐŶŝĮĐĂŶƚĚŝīĞƌĞŶĐĞƐ
ŝŶ'&WƉƌŽƚĞŝŶĞǆƉƌĞƐƐŝŽŶůĞǀĞůďĞƚǁĞĞŶƚǁŽŐƌŽƵƉƐ;&ŝŐƵƌĞϳĐͿ͘
Ca2+ůĞǀĞůƐŝŶƚŚĞďůŽŽĚǁĞƌĞƵŶĂīĞĐƚĞĚĂŌĞƌϮϰŚƌƐĨŽůůŽǁŝŶŐ&'&ϮϯĂĚŵŝŶŝƐƚƌĂƟŽŶ;&ŝŐƵƌĞ
7d). Changes in systemic phosphate levels in comparison to the control group were not 
detected. This might be due to the short-term period of the experiment. Unfortunately, 
ǁĞĚŝĚŶŽƚŝŶĐůƵĚĞƚŚĞƵƐĞŽĨŵĞƚĂďŽůŝĐĐĂŐĞƐŝŶƚŚĞŝŶŝƟĂůĞǆƉĞƌŝŵĞŶƚĂůƐĞƫŶŐ͘dŚĞƌĞĨŽƌĞ͕
ƚŚĞŵĂŝŶĞīĞĐƚŽĨ&'&ϮϯŝŶĨƵƐŝŽŶ;WiĞǆĐƌĞƚŝŽŶͿĐĂŶŶŽƚďĞǀĂůŝĚĂƚĞĚĐŽŵƉůĞƚĞůǇ͘/ŶŽƌĚĞƌ
to determine the local renal effects of ƌ&'&Ϯϯ ŝŶĨƵƐŝŽŶ͕ ŐĞŶĞ ĞǆƉƌĞƐƐŝŽŶ ŽĨ ƐŽĚŝƵŵͲ
ƉŚŽƐƉŚĂƚĞĐŽƚƌĂŶƐƉŽƌƚĞƌƚǇƉĞϮ;EĂWŝͲ//ĂĂŶĚEĂWŝͲ//ďͿŝŶƌĞŶĂůƟƐƐƵĞǁĞƌĞŵĞĂƐƵƌĞĚ͘
EŽĂůƚĞƌĂƟŽŶƐďĞƚǁĞĞŶƚŚĞŐƌŽƵƉƐǁĞƌĞŚŽǁĞǀĞƌŽďƐĞƌǀĞĚ;&ŝŐƵƌĞϳĨͿ͘
&ŝŐƵƌĞ ϳ ͮ &'&Ϯϯ ĂĚŵŝŶŝƐƚƌĂƟŽŶ ĚŝƌĞĐƚůǇ ĂīĞĐƚĞĚ ƌĞŶĂů ƚƵďƵůĂƌ ĐĂůĐŝƵŵ ƚƌĂŶƐƉŽƌƚ͘ ;Ϳ /ŶƚƌĂǀĞŶŽƵƐ
ĂĚŵŝŶŝƐƚƌĂƟŽŶ ŽĨ ƌĞĐŽŵďŝŶĂŶƚ &'&Ϯϯ ƉƌŽƚĞŝŶ ;ĚĂƌŬͲŐƌĂǇ ďĂƌƐͿ ƌĞƐƵůƚƐ ŝŶ ŝŶĐƌĞĂƐĞĚ dZWsϱ ĂŶĚ Ă
tendency towards elevated calbindin-D28k ƌĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶ͕ǁŚĞŶĐŽŵƉĂƌĞĚƚŽǀĞŚŝĐůĞͲƚƌĞĂƚĞĚ
ŵŝĐĞ;ǁŚŝƚĞďĂƌƐͿ͘ZĞŶĂů'&WŵZEĞǆƉƌĞƐƐŝŽŶ͕ĂƐĂƐƵƌƌŽŐĂƚĞŵĂƌŬĞƌĨŽƌdZWsϱƚƌĂŶƐĐƌŝƉƟŽŶƚĞŶĚĞĚ
ƚŽďĞŝŶĐƌĞĂƐĞĚĨŽůůŽǁŝŶŐ&'&ϮϯĂĚŵŝŶŝƐƚƌĂƟŽŶĐŽŵƉĂƌĞĚƚŽǀĞŚŝĐůĞͲƚƌĞĂƚĞĚŵŝĐĞ͘;ͿZĞƉƌĞƐĞŶƚĂƟǀĞ
immunoblot and ;ͿƐĞŵŝͲƋƵĂŶƟƚĂƟǀĞĂŶĂůǇƐŝƐŽĨ'&W;͖ƵƉƉĞƌƉĂŶĞůͿĂŶĚɴͲĂĐƟŶ;͖ ůŽǁĞƌƉĂŶĞůͿ
ƉƌŽƚĞŝŶ ĞǆƉƌĞƐƐŝŽŶ ŝŶ ƌĞŶĂů ůǇƐĂƚĞƐ ŽĨ ǀĞŚŝĐůĞͲƚƌĞĂƚĞĚŽƌ &'&Ϯϯ ŝŶũĞĐƚĞĚŵŝĐĞ͘ ůŽŽĚ ;ͿCa2+ and ;Ϳ
ƉŚŽƐƉŚĂƚĞůĞǀĞůƐǁĞƌĞŵĞĂƐƵƌĞĚĨŽůůŽǁŝŶŐϮϰŚƌƐŽĨ&'&ϮϯŝŶũĞĐƟŽŶ͘;&ͿŵZEĞǆƉƌĞƐƐŝŽŶŽĨƚŚĞƌĞŶĂů
EĂWŝͲ//ĂĂŶĚEĂWŝͲ//ďŝŶŵŝĐĞŝŶũĞĐƚĞĚǁŝƚŚ&'&Ϯϯ;ŐƌĂǇďĂƌƐͿ͕ĐŽŵƉĂƌĞĚƚŽǀĞŚŝĐůĞͲƚƌĞĂƚĞĚŵŝĐĞ;ǁŚŝƚĞ
bars). Data are mean ± SEM. *P<0.05 compared to control mice.
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Discussion
Ca2+ and Pi disturbances are a hallmark of CKD and an important risk factor for 
ƚŚĞ ĚĞǀĞůŽƉŵĞŶƚ ŽĨ ƐĞǀĞƌĞ ĐĂƌĚŝŽǀĂƐĐƵůĂƌ ĐŽŵƉůŝĐĂƟŽŶƐ͘ /Ŷ ƚŚĞ ĐƵƌƌĞŶƚ ƐƚƵĚǇ͕  ǁĞ
characterized the impact of CKD on systemic and local renal factors involved in Ca2+ and 
PiƌĞŐƵůĂƟŽŶ͘KƵƌĚĂƚĂƌĞǀĞĂůƚŚĂƚƚǁŽĚŝīĞƌĞŶƚĞǆƉĞƌŝŵĞŶƚĂůŵŽĚĞůƐŽĨŬŝĚŶĞǇĨĂŝůƵƌĞ
ŝŶĚƵĐĞĐŽŵƉĂƌĂďůĞĐůĂƐƐŝĐĂůĨĞĂƚƵƌĞƐŽĨ<͘ĚĞƌĞŐƵůĂƚĞĚĂ2+ and Pi homeostasis and 
ĂƐŝŐŶŝĮĐĂŶƚůǇĚŝƐƚƵƌďĞĚ&'&ϮϯͲɲŬůŽƚŚŽͲǀŝƚĂŵŝŶͲĂǆŝƐǁĞƌĞŽďƐĞƌǀĞĚŝŶďŽƚŚŵŽĚĞůƐ͘
ŽƚŚŵŽĚĞůƐƌĞƐƵůƚĞĚŝŶĂŶŝŶĐƌĞĂƐĞĚŽƌĚĞĐƌĞĂƐĞĚĞǆƉƌĞƐƐŝŽŶŽĨƐƉĞĐŝĮĐƌĞŶĂůĂ2+ and 
PiƚƌĂŶƐƉŽƌƚĞƌƐ͕ƌĞƐƉĞĐƟǀĞůǇ͘
&ŝƌƐƚ͕ďŽƚŚŵŽĚĞůƐŽĨŬŝĚŶĞǇĨĂŝůƵƌĞ͕ƚŚĂƚŝƐϱͬϲEǆĂŶĚƚƌĞĂƚŵĞŶƚ͕ŝŶĚƵĐĞĚĐůŝŶŝĐĂů
ŚĂůůŵĂƌŬƐŽĨ<͕ĂƐ ƌĞŇĞĐƚĞĚďǇ ƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨƵƌĂĞŵŝĂĂŶĚĂŶĞůĞǀĂƚĞĚ ƌĞŶĂů
ĞǆƉƌĞƐƐŝŽŶŽĨƚƵďƵůĂƌŝŶũƵƌǇŵĂƌŬĞƌE'>͘KƵƌƌĞƐƵůƚƐĂƌĞŝŶĂĐĐŽƌĚĂŶĐĞǁŝƚŚƉƌĞǀŝŽƵƐ
ƐƚƵĚŝĞƐĚĞŵŽŶƐƚƌĂƟŶŐƚŚĂƚďŽƚŚƉĂƌƟĂůŶĞƉŚƌĞĐƚŽŵǇ;ϯϭͲϯϯͿĂŶĚƚƌĞĂƚŵĞŶƚ;ϯϰͲ
36) closely resemble various features of CKD development. The two models we used 
ŐĂǀĞƌŝƐĞƚŽĚŝīĞƌĞŶƚƐĞǀĞƌŝƚǇŝŶƚĞƌŵƐŽĨŝƚƐĐŽŶƐĞƋƵĞŶĐĞƐŽŶƐǇƐƚĞŵŝĐƵƌĞĂĂŶĚE'>͕
ĞůĞĐƚƌŽůǇƚĞĚŝƐƚƵƌďĂŶĐĞƐĂŶĚĂůƚĞƌĂƟŽŶƐŽĨƚŚĞ&'&ϮϯͲɲŬůŽƚŚŽͲǀŝƚĂŵŝŶͲĂǆŝƐ͕ĂůůƉŽŝŶƟŶŐ
ƚŽŵŽƌĞƐĞǀĞƌĞĚĂŵĂŐĞŝŶƚŚĞͲŵŽĚĞů͘
Second, both experimental models disturbed Ca2+ŚŽŵĞŽƐƚĂƐŝƐĐŽŵƉĂƌĂďůǇ͕ ĂƐƌĞŇĞĐƚĞĚ
by hypercalcemia and elevated urinary Ca2+ĞǆĐƌĞƟŽŶ͘,ǇƉĞƌĐĂůĐŝƵƌŝĂĂƐĂĐŽŶƐĞƋƵĞŶĐĞŽĨ
ƉĂƌƟĂůŶĞƉŚƌĞĐƚŽŵǇǁĂƐƐŚŽǁŶƉƌĞǀŝŽƵƐůǇ;ϯϳͿ͕ĂŶĚĐĂŶďĞĞǆƉůĂŝŶĞĚďǇŝŶĐƌĞĂƐĞĚĮůƚƌĂƟŽŶ
ďƵƌĚĞŶŽŶƌĞŵŶĂŶƚŐůŽŵĞƌƵůŝĐĂƵƐŝŶŐŝŶĐƌĞĂƐĞĚŝŽŶĞǆĐƌĞƟŽŶĂŶĚƉĂƌĂůůĞůĚĞǀĞůŽƉŵĞŶƚ
of renal osteodystrophy (38). The hypercalcemia observed in both models is likely due to 
early elevated PTH levels and aggravated by 1,25-dihydroxy vitamin-D3ͲĨĂĐŝůŝƚĂƚĞĚŝŶƚĞƐƟŶĂů
Ca2+ ĂďƐŽƌƉƟŽŶ͘/ŶĐŽŶƚƌĂƐƚƚŽŽƵƌĚĂƚĂ͕ŚǇƉĞƌĐĂůĐĞŵŝĂǁĂƐŶŽƚŽďƐĞƌǀĞĚĨŽůůŽǁŝŶŐ
ƚƌĞĂƚŵĞŶƚŝŶŵŝĐĞ;ϯϵ͕ϰϬͿ͕ĂůƚŚŽƵŐŚƚŚŝƐŵŝŐŚƚďĞĞǆƉůĂŝŶĞĚďǇǀĂƌŝĂƟŽŶŝŶƚŚĞĂŵŽƵŶƚŽĨ
ĂĚĞŶŝŶĞƐƵƉƉůĞŵĞŶƚĞĚƚŽƚŚĞĚŝĞƚ͕ĂŶĚƚŚƵƐŝŶĚĞŐƌĞĞŽĨƌĞŶĂůŝŶũƵƌǇŝŶĚƵĐĞĚ͘tŚŝůĞ
ƚƌĞĂƚŵĞŶƚ ŝŶĐƌĞĂƐĞĚďůŽŽĚƵƌĞĂůĞǀĞůƐƚŽΕϲϬŵŵŽůͬ>ĂŌĞƌϰǁĞĞŬƐ ŝŶƚŚŝƐƐƚƵĚǇ͕ ŽƚŚĞƌ
ƐƚƵĚŝĞƐƐŚŽǁĞĚŵĂǆŝŵĂůƵƌĞĂůĞǀĞůƐŽĨĂƌŽƵŶĚϰϬŵŵŽůͬ>͕ƐƵŐŐĞƐƟŶŐĂĚŝƐƟŶĐƚĚĞŐƌĞĞŽĨ
ƌĞŶĂů ŝŶũƵƌǇ͘  /ŶĂŐƌĞĞŵĞŶƚǁŝƚŚƉƌĞǀŝŽƵƐƐƚƵĚŝĞƐ;ϯϲ͕ϯϵ͕ϰϬͿ͕ƚƌĞĂƚŵĞŶƚĚƌĂŵĂƟĐĂůůǇ
ĂīĞĐƚĞĚ Wi ŚŽŵĞŽƐƚĂƐŝƐ͕ Ă ĐŽŵŵŽŶ ŚĂůůŵĂƌŬ ŽďƐĞƌǀĞĚ ŝŶ ƐĞǀĞƌĞ < ;ϰϭͿ͘  ŵŝĐĞ
ƉƌĞƐĞŶƚĞĚ Ă ƐŝŐŶŝĮĐĂŶƚ ƌŝƐĞ ŽŶ Wi ůĞǀĞůƐ ŝŶ ƚŚĞ ďůŽŽĚ ĚĞƐƉŝƚĞ ƚŚĂƚ ĞůĞǀĂƚĞĚ ĨƌĂĐƟŽŶĂů
ĞǆĐƌĞƟŽŶǁĂƐŝŶŝƟĂůůǇĂĚĞƋƵĂƚĞƚŽŵĂŶĂŐĞWiůŽĂĚŝŶŐ͘/ŶĐŽŶƚƌĂƐƚ͕ŶŽĞīĞĐƚƐŽŶƐǇƐƚĞŵŝĐWi 
ůĞǀĞůƐǁĞƌĞĚĞƚĞĐƚĞĚƚŚƌĞĞǁĞĞŬƐĂŌĞƌϱͬϲEǆ͕ƐƵŐŐĞƐƟŶŐƚŚĂƚŵŽĚĞƐƚĞůĞǀĂƚĞĚůĞǀĞůƐŽĨ
Wd,ĂŶĚ&'&ϮϯĂƌĞƐƵĸĐŝĞŶƚƚŽŵĂŝŶƚĂŝŶƉŚǇƐŝŽůŽŐŝĐĂůďůŽŽĚWi levels. 
dŚŝƌĚ͕ďŽƚŚĞǆƉĞƌŝŵĞŶƚĂůŵŽĚĞůƐǁĞƌĞĐŚĂƌĂĐƚĞƌŝǌĞĚďǇĂĚĞƌĞŐƵůĂƚĞĚ&'&ϮϯͲɲŬůŽƚŚŽͲ
ǀŝƚĂŵŝŶͲĂǆŝƐ͘tĞŽďƐĞƌǀĞĚĂŶ ŝŶĐƌĞĂƐĞ ŝŶ ƐǇƐƚĞŵŝĐ&'&Ϯϯ ůĞǀĞůƐ ĂŶĚĂ ƌĞĚƵĐƟŽŶ ŝŶ
renal ɲŬůŽƚŚŽ expression. Previously it has been suggested that lack of ɲŬůŽƚŚŽ might 
ďĞĂĚƌŝǀŝŶŐ ĨŽƌĐĞ ĨŽƌ &'&Ϯϯ ƌĞƐŝƐƚĂŶĐĞ ;ϰϮͲϰϴͿ͘ /ƚ ŝƐ͕ ŚŽǁĞǀĞƌ͕  ŶŽƚ ǇĞƚ ĐůĞĂƌǁŚĞƚŚĞƌ
ƚŚĞĚŽǁŶƌĞŐƵůĂƟŽŶŽĨɲŬůŽƚŚŽĐĂŶ ƚƌŝŐŐĞƌĂŶ ŝŶĐƌĞĂƐĞ ŝŶ ƚŚĞĞǆƉƌĞƐƐŝŽŶŽĨ &'&ϮϯŽƌ
ǀŝĐĞ ǀĞƌƐĂ͘KŶ ƚŚĞŽŶĞŚĂŶĚ͕ &'&ϮϯĂƉƉĞĂƌƐ ƚŽďĞĂŶĞĂƌůǇŵĂƌŬĞƌŽĨ<ĂŶĚ ƌŝƐĞƐ
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progressively with progression of CKD. On the other hand, loss of renal ɲŬůŽƚŚŽ occurs 
ĞĂƌůǇŝŶ<͕ĂŶĚŵŝŐŚƚďĞƚŚĞƚƌŝŐŐĞƌƚŽŝŶĐƌĞĂƐĞƐǇƐƚĞŵŝĐ&'&ϮϯŝŶŽƌĚĞƌƚŽŵĂŝŶƚĂŝŶ
Pi ŚŽŵĞŽƐƚĂƐŝƐ͘ ĚĚŝƟŽŶĂůůǇ͕  ƌŝƐŝŶŐ &'&Ϯϯ ůĞǀĞůƐ ƵƉŽŶ < ŵŝŐŚƚ ĂůƐŽ ďĞ ĂƐĐƌŝďĞĚ
ƚŽ ŝŶŇĂŵŵĂƟŽŶ ;ϰϵ͕ϱϬͿ͘ /ŶĚĞĞĚ͕ ŝƚ ŚĂƐ ďĞĞŶ ƐŚŽǁŶ ƚŚĂƚ ďŽƚŚ ĞǆƉĞƌŝŵĞŶƚĂů ŵŽĚĞůƐ
ƐŝŐŶŝĮĐĂŶƚůǇŝŶĚƵĐĞƌĞŶĂůĐǇƚŽŬŝŶĞůĞǀĞůƐ͕ĂŶĚƌĞĐĞŶƚƐƚƵĚŝĞƐƉŽŝŶƚŽƵƚƚŚĂƚĞůĞǀĂƚĞĚďůŽŽĚ
&'&ϮϯůĞǀĞůƐĂƌĞĂƐƐŽĐŝĂƚĞĚǁŝƚŚŝŶŇĂŵŵĂƚŽƌǇĐŽŵƉŽŶĞŶƚƐ;Ğ͘Ő͘ĐǇƚŽŬŝŶĞƐͬĐŚĞŵŽŬŝŶĞƐͿ
;ϱϭͲϱϯͿ͕ĂŶĚŝŶ<ƉĂƟĞŶƚƐ&'&ϮϯĂŶĚŝŶŇĂŵŵĂƚŽƌǇŵĂƌŬĞƌƐĂƌĞŽŌĞŶďŽƚŚŝŶĐƌĞĂƐĞĚ
;ϱϯ͕ϱϰͿ͘ /ŶƚĞƌĞƐƟŶŐůǇ͕  Ă ƐƚƵĚǇďǇDĞŶĚŽǌĂet al., (55) showed that higher circulatory 
ůĞǀĞůƐŽĨ&'&ϮϯĚŝƌĞĐƚůǇĐŽƌƌĞůĂƚĞǁŝƚŚŝŶĐƌĞĂƐĞĚďůŽŽĚůĞǀĞůƐŽĨƐĞǀĞƌĂůƉƌŽŝŶŇĂŵŵĂƚŽƌǇ
ŵĂƌŬĞƌƐ͕ƐƵŐŐĞƐƟŶŐƚŚĂƚ&'&ϮϯŝƐŝŶĚĞƉĞŶĚĞŶƚůǇĂƐƐŽĐŝĂƚĞĚǁŝƚŚŝŶŇĂŵŵĂƟŽŶŝŶ<͘
/ŶůŝŶĞ͕ǁĞĂůƐŽŽďƐĞƌǀĞĚƚŚĂƚƚǁŽĚŝīĞƌĞŶƚŝŶŇĂŵŵĂƚŽƌǇƐƟŵƵůŝĂĐƵƚĞůǇŝŶĚƵĐĞƌĞŶĂů
&'&ϮϯŵZEĞǆƉƌĞƐƐŝŽŶ͘ůƚŚŽƵŐŚ͕ ŝŶ ƚŚĞĐƵƌƌĞŶƚƐƚƵĚǇǁĞĚŝĚŶŽƚ ĨƵƌƚŚĞƌĞůƵĐŝĚĂƚĞ
ƚŚĞĞīĞĐƚƐŽĨŝŶŇĂŵŵĂƚŽƌǇƉĂƚŚǁĂǇƐŽŶĞůĞĐƚƌŽůǇƚĞƌĞŐƵůĂƚŽƌǇŚŽƌŵŽŶĞƐƵƉŽŶŬŝĚŶĞǇ
failure, as this was beyond the scope of the primary project. 
ĞƐƉŝƚĞ ĞůĞǀĂƚĞĚ ďůŽŽĚ &'&Ϯϯ͕ ďŽƚŚ ŬŝĚŶĞǇ ĨĂŝůƵƌĞ ŵŽĚĞůƐ ĂƵŐŵĞŶƚĞĚ ƌĞŶĂů ǇƉϮϳďϭ
expression, probably due to the observed increase in PTH. Comparable data were shown 
ďĞĨŽƌĞŝŶƌĞŵŶĂŶƚŬŝĚŶĞǇƐŽĨŶĞƉŚƌĞĐƚŽŵŝǌĞĚƌĂƚƐ;ϱϲͿ͕ĂŶĚĨŽůůŽǁŝŶŐͲƚƌĞĂƚŵĞŶƚ;ϱϳͿ͘
/ŶĂĐĐŽƌĚĂŶĐĞ͕ĞůĞǀĂƚĞĚďůŽŽĚϭ͕ϮϱͲĚŝŚǇĚƌŽǆǇǀŝƚĂŵŝŶ3 levels were detected following 
ďŽƚŚϱͬϲEǆĂŶĚƚƌĞĂƚŵĞŶƚ͘dŽŐĞƚŚĞƌ͕ ƚŚĞƐĞĮŶĚŝŶŐƐŝŶĚŝĐĂƚĞƚŚĂƚĚĂŵĂŐĞĚŬŝĚŶĞǇƐ
ƌĞƚĂŝŶƐƵĸĐŝĞŶƚǀŝƚĂŵŝŶͲƐǇŶƚŚĞƐŝǌŝŶŐĐĂƉĂĐŝƚǇĂŶĚƚŚĂƚĂŶŝŶĐƌĞĂƐĞĚǇƉϮϳďϭĞǆƉƌĞƐƐŝŽŶ
ŝŶƚŚĞƌĞŵĂŝŶŝŶŐĞƉŝƚŚĞůŝƵŵŵŝŐŚƚďĞĞīĞĐƟǀĞƚŽĐŽŵƉĞŶƐĂƚĞĨŽƌƚŚĞůŽƐƐŽĨƟƐƐƵĞĐĂƉĂďůĞ
ŽĨǇƉϮϳďϭĞǆƉƌĞƐƐŝŽŶĚƵĞƚŽƚŚĞƌĞĚƵĐƟŽŶŝŶĨƵŶĐƟŽŶĂůŬŝĚŶĞǇŵĂƐƐ͘DŽƌĞŽǀĞƌ͕ &'&ϮϯͲ
ƐƵƉƉƌĞƐƐŝǀĞĞīĞĐƚƐŽŶϭ͕ϮϱͲĚŝŚǇĚƌŽǆǇǀŝƚĂŵŝŶ3 ĞŝƚŚĞƌĚŝƌĞĐƚůǇǀŝĂŵŽĚƵůĂƟŽŶŽĨ ƌĞŶĂů
ǇƉϮϳďϭĂŶĚǇƉϮϰĂϭĞǆƉƌĞƐƐŝŽŶ͕ŽƌŝŶĚŝƌĞĐƚůǇǀŝĂŵŽĚƵůĂƟŽŶŽĨWd,ƐǇŶƚŚĞƐŝƐŵŝŐŚƚďĞ
hampered due to lower renal ɲŬůŽƚŚŽ expression in both kidneys and parathyroid gland, 
ŝŵƉůŝĐĂƟŶŐ&'&ϮϯƌĞƐŝƐƚĂŶĐĞ;ϱϴͲϲϬͿ͘ƐĂƉƌŽƉŽƐĞĚƉĂƚŚǁĂǇ͕ ƚŚŝƐƉŽŝŶƚƐƚŽǁĂƌĚƐĞĂƌůǇŚŝŐŚ
PTH levels as the likely mechanism responsible for amplifying renal vitamin-D synthesis 
ĂŶĚƚŚĞĐŽŶƐĞƋƵĞŶƚƌŝƐĞŝŶďůŽŽĚϭ͕ϮϱͲĚŝŚǇĚƌŽǆǇǀŝƚĂŵŝŶ3 and Ca2+ůĞǀĞůƐ͘/ŶĚĞĞĚ͕ďŽƚŚ
CKD models were characterized by the development of secondary hyperparathyroidism. 
Nevertheless, this was not in line with the observed hypercalcemia, elevated levels of 
&'&ϮϯĂŶĚŝŶĐƌĞĂƐĞŝŶϭ͕ϮϱͲĚŝŚǇĚƌŽǆǇǀŝƚĂŵŝŶ3, which all should have suppress PTH level. 
,ŽǁĞǀĞƌ͕ ǁĞĚŝĚŶŽƚĞǆĂŵŝŶĞƉĂƌĂƚŚǇƌŽŝĚƟƐƐƵĞƚŽƐƚƵĚǇůŽĐĂůĐŚĂŶŐĞƐƚŚĂƚŵĂǇĚƌŝǀĞWd,
ƉƌŽĚƵĐƟŽŶŽƌ ƐĞĐƌĞƟŽŶ͘ĞǀĞůŽƉŵĞŶƚŽĨ ƐĞĐŽŶĚĂƌǇŚǇƉĞƌƉĂƌĂƚŚǇƌŽŝĚŝƐŵĐŽƵůĚďĞĚƵĞ
to early disturbances on the local calcium sensing receptor, early decline in parathyroid 
klotho and possibly lower expression of the vitamin D receptor. 
&ŽƵƌƚŚ͕ƚŽŝĚĞŶƟĨǇůŽĐĂůĂĚĂƉƟǀĞŵĞĐŚĂŶŝƐŵƐŽĨƚƵďƵůĂƌĞůĞĐƚƌŽůǇƚĞƌĞŐƵůĂƟŽŶĨŽůůŽǁŝŶŐ
CKD, renal expression of crucial Ca2+ and PiƚƌĂŶƐƉŽƌƚĞƌƐǁĂƐĚĞƚĞƌŵŝŶĞĚ͘'ĞŶĞĞǆƉƌĞƐƐŝŽŶ
of Ca2+ ƚƌĂŶƐƉŽƌƚĞƌƐdZWsϱĂŶĚĐĂůďŝŶĚŝŶͲ28kǁĂƐĞůĞǀĂƚĞĚƵƉŽŶ<͘dZWsϱŝƐĂĐƌƵĐŝĂů
ƌĂƚĞͲůŝŵŝƟŶŐĂ2+ ĐŚĂŶŶĞůĞǆƉƌĞƐƐĞĚŝŶƚŚĞůĂƚĞĚŝƐƚĂůĐŽŶǀŽůƵƚĞĚĂŶĚĐŽŶŶĞĐƟŶŐƚƵďƵůĞ͕
responsible for apical Ca2+ŝŶŇƵǆŝŶŝƟĂƟŶŐƚƌĂŶƐĐĞůůƵůĂƌƌĞĂďƐŽƌƉƟŽŶ;ϲϭ͕ϲϮͿ͘ĂůďŝŶĚŝŶͲ
D28k ŝƐ ƐƵďƐĞƋƵĞŶƚůǇ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ƚŚĞ ĚŝƌĞĐƚ ŝŶƚƌĂĐĞůůƵůĂƌ Ă2+ ƐŚƵƩůŝŶŐ ƚŽǁĂƌĚƐ ƚŚĞ
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basolateral extrusion side (63). Together, this suggests that elevated distal tubular Ca2+ 
ƌĞĂďƐŽƌƉƟŽŶŝƐ ůŝŬĞůǇƚŚĞĐŽŶƐĞƋƵĞŶĐĞŽĨƐƟŵƵůĂƟŽŶďǇĐĂůĐŝŽƚƌŽƉŝĐĨĂĐƚŽƌƐ͕ ŝŶĐůƵĚŝŶŐ
Wd,͕ ǀŝƚĂŵŝŶ  ĂŶĚͬŽƌ &'&Ϯϯ ƐŝŐŶĂůůŝŶŐ ;Ϯϴ͕ϲϰ͕ϲϱͿ͘ ,ŽǁĞǀĞƌ͕  ĂůďŝŶĚŝŶͲ28k levels 
ǁĞƌĞĚŝīĞƌĞŶƟĂůůǇĂůƚĞƌĞĚ ŝŶƚŚĞĚŝĞƚĂƌǇ ŝŶƚĞƌǀĞŶƟŽŶŵŽĚĞů͖ǁĞŽďƐĞƌǀĞĚĞŝƚŚĞƌ
ƌĞĚƵĐƟŽŶŽƌŶŽĐŚĂŶŐĞƐŝŶƚŚĞĂůďŝŶĚŝŶͲ28k gene expression levels, while it increased 
in the 5/6Nx model. The reason for that is yet unclear but it could be that adenine itself 
ŵŝŐŚƚ ĂīĞĐƚ ƚŚĞĞǆƉƌĞƐƐŝŽŶͬƌĞŐƵůĂƟŽŶŽĨ ŝŶƚƌĂĐĞůůƵůĂƌ ;Ă2+) proteins, that result in a 
ĚŝīĞƌĞŶƚ ŬŝŶĞƟĐƐ ĐŽŵƉĂƌĞĚ ƚŽ dZWsϱ͘ /Ŷ ŽƌĚĞƌ ƚŽ ĚĞƚĞƌŵŝŶĞǁŚĞƚŚĞƌ &'&ϮϯĚŝƌĞĐƚůǇ
ĂīĞĐƚƐƌĞŶĂůĂ2+ƚƌĂŶƐƉŽƌƚ͕ǁĞĂĚŵŝŶŝƐƚĞƌĞĚ&'&ϮϯƚŽdZWsϱͲ'&WƚƌĂŶƐŐĞŶŝĐŵŝĐĞƚŽ
ǀĞƌŝĨǇŝƚƐĞīĞĐƚŽŶƌĞŶĂů'&WĞǆƉƌĞƐƐŝŽŶ͕ĂƐĂƐƵƌƌŽŐĂƚĞŵĂƌŬĞƌĨŽƌdZWsϱƚƌĂŶƐĐƌŝƉƟŽŶ͘
tĞĨŽƵŶĚ͕ĂƚŵŽƐƚ͕ĂƚĞŶĚĞŶĐǇƚŽǁĂƌĚƐŝŶĐƌĞĂƐĞĚƌĞŶĂů'&WĞǆƉƌĞƐƐŝŽŶ͘/ŶĐŽŶƚƌĂƐƚ͕Ă
ƉƌĞǀŝŽƵƐƐƚƵĚǇŝŶĚŝĐĂƚĞĚĂĚŝƌĞĐƚĞīĞĐƚŽĨ&'&ϮϯŽŶƌĞŶĂůĂ2+ transport by increasing 
dZWsϱ ŐĞŶĞ ƚƌĂŶƐĐƌŝƉƟŽŶ ;ϲϲͿ͘  ƉŽƚĞŶƟĂů ĞǆƉůĂŶĂƟŽŶ ĨŽƌ ƚŚŝƐ ĚŝƐĐƌĞƉĂŶĐǇŵŝŐŚƚ ďĞ
ƚŚĂƚĞƐƐĞŶƟĂůƵƉƐƚƌĞĂŵĞŶŚĂŶĐĞƌĞůĞŵĞŶƚƐĨŽƌƚŚĞƚƌĂŶƐĐƌŝƉƟŽŶĂů ŝŶĚƵĐƟŽŶŽĨdZWsϱ
ďǇ &'&Ϯϯ ĂƌĞ ůĂĐŬŝŶŐ ŝŶ ƚŚĞ dZWsϱͲ'&WŵŝĐĞ͘ /ŶƚĞƌĞƐƟŶŐůǇ͕ tdŵŝĐĞ ĞǆƉŽƐĞĚ ƚŽ ĂŶ
ŝŶŇĂŵŵĂƚŽƌǇ ƐƟŵƵůƵƐ ;ŽŶ͕ ďƵƚ ŶŽƚ dE&ɲ ƚƌĞĂƚŵĞŶƚͿ ĚĞŵŽŶƐƚƌĂƚĞ ĞůĞǀĂƚĞĚ ƌĞŶĂů
dZWsϱ ŵZE ĞǆƉƌĞƐƐŝŽŶ͘ dŽŐĞƚŚĞƌ͕  ƚŚĞƐĞ ƌĞƐƵůƚƐ ŝŶĚŝĐĂƚĞ ƚŚĂƚ ďŽƚŚ ŚŽƌŵŽŶĂů ĂŶĚ
ŝŶŇĂŵŵĂƚŽƌǇƉĂƌĂŵĞƚĞƌƐŵĂǇŝŶŇƵĞŶĐĞƌĞŶĂůĂ2+ƚƌĂŶƐƉŽƌƚ͕ĂůƚŚŽƵŐŚƚŚĞĞǆĂĐƚƐƟŵƵůŝ
ĂŶĚƐŝŐŶĂůůŝŶŐƉĂƚŚǁĂǇƐƐŚŽƵůĚďĞĨƵƌƚŚĞƌŝŶǀĞƐƟŐĂƚĞĚŝŶĨƵƚƵƌĞƐƚƵĚŝĞƐ͘
/Ŷ ĐŽŶĐĞƌƚǁŝƚŚ ƚŚĞ ƉŚŽƐƉŚĂƚƵƌŝĐ ĞīĞĐƚƐ ŽĨ &'&Ϯϯ ĂŶĚ Wd, ;ϲϳͿ͕ ďŽƚŚ ŬŝĚŶĞǇ ĨĂŝůƵƌĞ
ŵŽĚĞůƐĚŝƐƉůĂǇĞĚĂƌĞĚƵĐĞĚƌĞŶĂůĞǆƉƌĞƐƐŝŽŶŽĨEĂWŝͲ//ĂĂŶĚWŝƚϮ͕ƚŚĞƉƌŝŶĐŝƉĂůƌĞŶĂůƚǇƉĞ
// ĂŶĚ /// ƐŽĚŝƵŵͲĚĞƉĞŶĚĞŶƚWi ƚƌĂŶƐƉŽƌƚĞƌƐ͕ ƌĞƐƉĞĐƟǀĞůǇ ;ϲϴͲϳϬͿ͘EĂWŝͲ//Ă ŝƐ ƚŚĞŵĂŝŶ
PiĐŽͲƚƌĂŶƐƉŽƌƚĞƌŝŶǀŽůǀĞĚŝŶƚŚĞƉŚŽƐƉŚĂƚƵƌŝĐƌĞƐƉŽŶƐĞƚŽďŽƚŚWd,ĂŶĚ&'&ϮϯĂŶĚŝƚ
ƌĞƐƉŽŶĚĞĚƚŽŚŝŐŚ&'&ϮϯĂƐĞǆƉĞĐƚĞĚĚĞƐƉŝƚĞƚŚĞŽďƐĞƌǀĞĚƌĞĚƵĐƟŽŶƐŝŶƌĞŶĂůɲklotho. 
KŶƚŚĞĐŽŶƚƌĂƌǇ͕ ƌĞŶĂůEĂWŝͲ//ďǁĂƐƐŝŐŶŝĮĐĂŶƚůǇĂƵŐŵĞŶƚĞĚ͘EĂWŝͲ//ďĂƐĂƉƌĞĚŽŵŝŶĂŶƚ
ŝŶƚĞƐƟŶĂůWi transporter is also expressed at the basolateral side of renal epithelial cells. 
/ƚƐĞǆƉƌĞƐƐŝŽŶ ŝƐ ŝŶĐƌĞĂƐĞĚ ŝŶ ƌĞƐƉŽŶƐĞ ƚŽĂĐƟǀĞƉŚŽƐƉŚĂƚĞ ůŽĂĚŝŶŐ ;ϳϭͿ͘,ĞŶĐĞEĂWŝͲ
//ď ƉůĂǇƐŵĂũŽƌ ƌŽůĞƐ ŝŶ ďŽƚŚ ƚŚĞ ŬŝĚŶĞǇ ĂŶĚ ƚŚĞ ƐŵĂůů ŝŶƚĞƐƟŶĞ͘DŝĐĞ ǁŝƚŚ EĂWŝͲ//ď
ĚĞĮĐŝĞŶĐǇ͕ ĞǆŚŝďŝƚĞĚƉƌĞĚŽŵŝŶĂŶƚůǇůŽǁĞƌWiĂďƐŽƌƉƟŽŶ;ϳϮͿ͕ŚŝŐŚůŝŐŚƟŶŐĂŵĂũŽƌƌŽůĞŽĨ
EĂWŝͲ//ďŝŶďŽĚǇWiŚŽŵĞŽƐƚĂƐŝƐ͘ƐƉƌŽƉŽƐĞĚ͕ĞůĞǀĂƚĞĚƌĞŶĂůEĂWŝͲ//ďĞǆƉƌĞƐƐŝŽŶŵŝŐŚƚ
ďĞĂŶĂĚĚŝƟŽŶĂůŵĞĐŚĂŶŝƐŵŽĨĂĐƟǀĞƚƵďƵůĂƌWiƐĞĐƌĞƟŽŶ͕ĂůƚŚŽƵŐŚŝƚƌĞŵĂŝŶƐƵŶĐůĞĂƌ
whether this also holds true during progressive renal injury to counteract PiƌĞƚĞŶƟŽŶ͘
^ŝŶĐĞϱͬϲEǆĂŶĚƚƌĞĂƚŵĞŶƚŝŶĚƵĐĞĚĚŝƐƟŶĐƚƌĞŶĂůƉĂƚŚŽƉŚǇƐŝŽůŽŐŝĐĂůŵĞĐŚĂŶŝƐŵƐ͕
ŝƚƐĐŽŶƐĞƋƵĞŶĐĞƐŽŶƌĞŶĂůĞǆƉƌĞƐƐŝŽŶŽĨƚŚĞƐŽĚŝƵŵͲĐŚůŽƌŝĚĞĐŽͲƚƌĂŶƐƉŽƌƚĞƌ;EͿǁĞƌĞ
ĚĞƚĞƌŵŝŶĞĚ͘EĞǆƉƌĞƐƐŝŽŶǁĂƐƵŶĂīĞĐƚĞĚǁŝƚŚŝŶďŽƚŚŵŽĚĞůƐ͕ ƐƵŐŐĞƐƟŶŐ ƚŚĂƚ ƚŚĞ
ĚĞŵŽŶƐƚƌĂƚĞĚĞīĞĐƚŽŶƚŚĞĞǆƉƌĞƐƐŝŽŶŬŝŶĞƟĐƐŽĨĂ2+ and Pi transporters within both 
ŵŽĚĞůƐǁĂƐŶŽƚƐŝŵƉůǇĂƌĞŇĞĐƟŽŶŽĨĚŝƐƟŶĐƚŬŝĚŶĞǇƟƐƐƵĞĐŽŵƉŽƐŝƟŽŶĐŽŵƉĂƌĞĚƚŽ
ƐŚĂŵͲŽƉĞƌĂƚĞĚŽƌĐŽŶƚƌŽůŵŝĐĞĂƐĂƉŽƚĞŶƟĂůĐŽŶĨŽƵŶĚŝŶŐĨĂĐƚŽƌ͘ 
/ŶƚĞƌĞƐƟŶŐůǇ͕  ƚŚĞ ŝŶĐƌĞĂƐĞĚ ďůŽŽĚ Ă2+ ĂŶĚ ĂĐƟǀĞ ϭ͕ϮϱͲĚŝŚǇĚƌŽǆǇ ǀŝƚĂŵŝŶ 3 observed 
ŝŶ ƚŚĞ ĐƵƌƌĞŶƚ ƐƚƵĚǇĚŽŶŽƚ ĐŽƌƌĞƐƉŽŶĚǁŝƚŚ ƚŚĞ ĐůĂƐƐŝĐĂůŽďƐĞƌǀĂƟŽŶŽĨŚǇƉŽĐĂůĐĞŵŝĂ
due to reduced 1,25-dihydroxy vitamin D3ůĞǀĞůƐƚŚĂƚĂƌĞĨƌĞƋƵĞŶƚůǇŽďƐĞƌǀĞĚŝŶĐůŝŶŝĐĂůůǇ
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ĚŝĂŐŶŽƐĞĚĞĂƌůǇƐƚĂŐĞƌĞŶĂůĚŝƐĞĂƐĞƉĂƟĞŶƚƐ͘dŚĞƌĞĂƐŽŶĨŽƌƚŚŝƐ ŝƐƵŶĐůĞĂƌďƵƚ ŝƚŵŝŐŚƚ
ďĞ ƌĞůĂƚĞĚ ƚŽ ƚŚĞƟŵŝŶŐŽĨ ƚŚĞŵĞĂƐƵƌĞŵĞŶƚƐƉĞƌĨŽƌŵĞĚ ŝŶŽƵƌĞǆƉĞƌŝŵĞŶƚĂůŵŽĚĞůƐ͘
This is possibly demonstrated by the 1,25-dihydroxy vitamin D3ůĞǀĞůƐŽďƐĞƌǀĞĚŝŶƚŚĞ
mice model, which is increased on week 2, and reduced on week 4. Here we present an 
ĞĂƌůǇƌĞŶĂůĨĂŝůƵƌĞŵŽĚĞů͕ƉŽƐƐŝďůǇŶŽƚĂƚƐƚĞĂĚǇƐƚĂƚĞǇĞƚ͘DŽƌĞŽǀĞƌ͕ ĚŝīĞƌĞŶĐĞƐďĞƚǁĞĞŶ
ƐƉĞĐŝĞƐŵĂǇĞǆƉůĂŝŶǁŚǇĂŐŝǀĞŶƌĞƐƉŽŶƐĞŝŶĂŶŝŵĂůŵŽĚĞůƐĚŝīĞƌƐĨƌŽŵƉĂƟĞŶƚƐǁŝƚŚ<
(73). &ƵƌƚŚĞƌŵŽƌĞ͕ƐĞǀĞƌĂůƉŚǇƐŝŽůŽŐŝĐĂůĚŝīĞƌĞŶĐĞƐďĞƚǁĞĞŶĞǆƉĞƌŝŵĞŶƚĂůĂŶŝŵĂůŵŽĚĞůƐ
ĂŶĚƉĂƟĞŶƚƐĐĂŶďĞŝĚĞŶƟĮĞĚ͕ŝŶĐůƵĚŝŶŐǀĂƌŝĂƟŽŶƐŝŶƟŵĞƚŽĚĞǀĞůŽƉĂĐĞƌƚĂŝŶĚĞŐƌĞĞŽĨ
ŬŝĚŶĞǇĚŝƐĞĂƐĞƌĞŇĞĐƟŶŐĂƉĂƌƟĐƵůĂƌƐƚĂŐĞŽĨ<͘ Here, we observed hypercalcemia and 
ŚǇƉĞƌĐĂůĐŝƵƌŝĂŝŶďŽƚŚĞǆƉĞƌŝŵĞŶƚĂů<ŵŝĐĞŵŽĚĞůƐ;dĂďůĞϯͿĂŶĚƚŚĞƐĞŽďƐĞƌǀĂƟŽŶƐĂƌĞ
ƐƵƉƉŽƌƚĞĚďǇƉƌĞǀŝŽƵƐůǇĂƉƉůŝĞĚĞǆƉĞƌŝŵĞŶƚĂů<ĂŶŝŵĂůŵŽĚĞůƐ;ϳϰͿ͕ďƵƚŶŽƚŝŶƉĂƟĞŶƚƐ
ǁŝƚŚ<;ϳϱͲϳϳͿ͘,ƵŵĂŶ<ĚĞǀĞůŽƉŵĞŶƚƌĞŇĞĐƚƐĂŐƌĂĚƵĂůĂŶĚƐůŽǁĚĞĐůŝŶĞŽĨǀŝƚĂŵŝŶ
ůĞǀĞůƐ͕ĐŽŶƚƌŝďƵƟŶŐƚŽŚǇƉŽĐĂůĐĞŵŝĂ͕ǁŚĞƌĞĂƐƐĞĐŽŶĚĂƌǇŚǇƉĞƌƉĂƌĂƚŚǇƌŽŝĚŝƐŵĚĞǀĞůŽƉƐ
ŽǀĞƌůŽŶŐĞƌƟŵĞ͘KŶƚŚĞĐŽŶƚƌĂƌǇ͕ ĞǆƉĞƌŝŵĞŶƚĂůĂŶŝŵĂůŵŽĚĞůƐĂƌĞƌĂƚŚĞƌƐŚŽƌƚƚĞƌŵ͕ĚƵĞ
ƚŽƚŚĞŵĞƚŚŽĚƐĂƉƉůŝĞĚĂŶĚƚŚĞƐŚŽƌƚĞƌůŝĨĞƐƉĂŶŽĨƌŽĚĞŶƚƐ;ϳϴͿ͘KŶĞŽĨƚŚĞůŝŵŝƚĂƟŽŶƐŽĨ
ƚŚŝƐƐƚƵĚǇŝƐƚŚĂƚǁĞĚŝĚŶŽƚŬĞĞƉďŽƚŚŵŽĚĞůƐĨŽƌĂůŽŶŐĞƌƉĞƌŝŽĚŽĨƟŵĞ͘&ƵƌƚŚĞƌŵŽƌĞ͕
<ͲŝŶĚƵĐĞĚ ĂůƚĞƌĂƟŽŶƐ ŝŶ ŝŶƚĞƐƟŶĂů ĂŶĚͬŽƌ ďŽŶĞ Ă2+ and Pi homeostasis might also 
trigger an increase in blood Ca2+ĂŶĚĂĐƟǀĞϭ͕ϮϱͲĚŝŚǇĚƌŽǆǇǀŝƚĂŵŝŶ3 observed in these 
ŵŽĚĞůƐ͘zĞƚ͕ŚĞƌĞǁĞƉƌŝŵĂƌŝůǇĨŽĐƵƐĞĚŽŶƌĞŶĂůĂ2+ and PiƌĞŐƵůĂƚŽƌǇŵĞĐŚĂŶŝƐŵƐ͖ŚĞŶĐĞ
ƚŚĞ ĞǆŝƐƟŶŐ ĞǆƉĞƌŝŵĞŶƚ ǁĂƐ ŶŽƚ ĚĞƐŝŐŶĞĚ ƚŽ ĐŚĂƌĂĐƚĞƌŝǌĞ ƚŚĞ ŝŵƉĂĐƚ ŽĨ <ͲŝŶĚƵĐĞĚ
ĂůƚĞƌĂƟŽŶƐŽŶŝŶƚĞƐƟŶĂůĂ2+ and PiƚƌĂŶƐƉŽƌƚŽƌďŽŶĞŵĞƚĂďŽůŝƐŵ͘/ƚƚŚƵƐƌĞŵĂŝŶƐĚŝĸĐƵůƚ
to fully elucidate the compensatory mechanisms occurring following CKD, which might 
contribute to the disturbed electrolyte homeostasis observed. 
dĂŬĞŶƚŽŐĞƚŚĞƌ͕ ŽƵƌƐƚƵĚǇĚĞŵŽŶƐƚƌĂƚĞĚƚŚĂƚŵƵƌŝŶĞŵŽĚĞůƐŽĨƉĂƌƟĂůŶĞƉŚƌĞĐƚŽŵǇĂŶĚ
ͲĞŶƌŝĐŚĞĚĚŝĞƚĂƌǇƚƌĞĂƚŵĞŶƚ͕ďŽƚŚ͕ŝŶĚƵĐĞŬŝĚŶĞǇĨĂŝůƵƌĞƚŚĂƚĐůŽƐĞůǇƌĞƐĞŵďůĞƐ<
ĚĞǀĞůŽƉŵĞŶƚ͕ ǁŚŝĐŚ ŝƐ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ĚŝƐƚƵƌďĞĚ &'&ϮϯͲɲŬůŽƚŚŽͲǀŝƚĂŵŝŶͲ ƐŝŐŶĂůůŝŶŐ
and a deregulated Ca2+ and PiŚŽŵĞŽƐƚĂƐŝƐ͘DŽƌĞŽǀĞƌ͕ ƚŚŝƐƐƚƵĚǇŝĚĞŶƟĮĞĚůŽĐĂůƚƵďƵůĂƌ
ĂĚĂƉƟǀĞ ŵĞĐŚĂŶŝƐŵƐ ƚŚĂƚ ĂƌĞ ŝŶǀŽůǀĞĚ ŝŶ ĚŝƐƚƵƌďĞĚ Ă2+ and Pi ƌĞŐƵůĂƟŽŶ͕ ŚĞŶĐĞ
ĞŶĂďůŝŶŐŶĞǁŽƉƉŽƌƚƵŶŝƟĞƐƚŽƚĂƌŐĞƚŵŝŶĞƌĂůĚŝƐƚƵƌďĂŶĐĞƐĞŵĞƌŐŝŶŐĂƐĂĐŽŶƐĞƋƵĞŶĐĞ
of CKD development.   
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Abstract
dŚĞĂŶƟͲĂŐŝŶŐŐĞŶĞŬůŽƚŚŽƉůĂǇƐĂŶŝŵƉŽƌƚĂŶƚƌŽůĞŝŶĐĂůĐŝƵŵĂŶĚƉŚŽƐƉŚĂƚĞŚŽŵĞŽƐƚĂƐŝƐ͘
DĞŵďƌĂŶĞͲďŽƵŶĚŬůŽƚŚŽŝƐĂŶĞƐƐĞŶƟĂůĐŽͲƌĞĐĞƉƚŽƌĨŽƌĮďƌŽďůĂƐƚŐƌŽǁƚŚĨĂĐƚŽƌϮϯĂŶĚ
ĐĂŶďĞĐůĞĂǀĞĚďǇƉƌŽƚĞĂƐĞƐ͕ ŝŶĐůƵĚŝŶŐĂĚŝƐŝŶƚĞŐƌŝŶĂŶĚŵĞƚĂůůŽƉƌŽƚĞŝŶĂƐĞ;DͿϭϬ
ĂŶĚϭϳ͘ůĞĂǀĂŐĞŽĨŬůŽƚŚŽŽĐĐƵƌƐĂƚĂƐŝƚĞĚŝƌĞĐƚůǇĂďŽǀĞƚŚĞƉůĂƐŵĂŵĞŵďƌĂŶĞ;ɲͲĐƵƚͿ
ŽƌďĞƚǁĞĞŶƚŚĞ<>ϭĂŶĚ<>ϮĚŽŵĂŝŶ ;ɴͲĐƵƚͿ͕ ƌĞƐƵůƟŶŐ ŝŶƐŽůƵďůĞ ĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽŽƌ
<>ϭĂŶĚ<>ϮĨƌĂŐŵĞŶƚƐ͕ƌĞƐƉĞĐƟǀĞůǇ͘dŚĞĂŝŵŽĨƚŚĞƉƌĞƐĞŶƚƐƚƵĚǇǁĂƐƚŽŐĂŝŶŝŶƐŝŐŚƚ
into the mechanisms behind klotho cleavage processes in the kidney. Klotho shedding 
was demonstrated using a Madin-Darby canine kidney cell line stably expressing 
ŬůŽƚŚŽĂŶĚŚƵŵĂŶĞŵďƌǇŽŶŝĐŬŝĚŶĞǇϮϵϯĐĞůůƐƚƌĂŶƐŝĞŶƚůǇƚƌĂŶƐĨĞĐƚĞĚǁŝƚŚŬůŽƚŚŽ͘tĞ
report klotho expression on both the basolateral and apical membrane, with a higher 
ĂďƵŶĚĂŶĐĞŽĨ ŬůŽƚŚŽ Ăƚ ƚŚĞ ĂƉŝĐĂůŵĞŵďƌĂŶĞ ĂŶĚ ŝŶ ƚŚĞ ĂƉŝĐĂůŵĞĚŝĂ͘DϭϳĂŶĚ
ŬůŽƚŚŽ ŵZE ĞǆƉƌĞƐƐŝŽŶ ǁĂƐ ĞŶƌŝĐŚĞĚ ŝŶ ŵŽƵƐĞ ĚŝƐƚĂů ĐŽŶǀŽůƵƚĞĚ ĂŶĚ ĐŽŶŶĞĐƟŶŐ
tubules. /ŶǀŝƚƌŽDͬŵĂƚƌŝǆŵĞƚĂůůŽƉƌŽƚĞŝŶĂƐĞ;DDWͿŝŶŚŝďŝƟŽŶďǇdE&ϰϴϰƌĞƐƵůƚĞĚ
ŝŶ Ă ĐŽŶĐĞŶƚƌĂƟŽŶͲĚĞƉĞŶĚĞŶƚ ŝŶŚŝďŝƟŽŶ ŽĨ ƚŚĞ ɲͲĐƵƚ͕ ǁŝƚŚ Ă ůĞƐƐ ƐƉĞĐŝĮĐ ĞīĞĐƚ ŽŶ
ɴͲĐƵƚ ƐŚĞĚĚŝŶŐ͘ /Ŷ ǀŝǀŽ TNF484 treatment in wild type mice did not change urinary 
ŬůŽƚŚŽůĞǀĞůƐ͘,ŽǁĞǀĞƌ͕ DͬDDWŝŶŚŝďŝƟŽŶĚŝĚŝŶĐƌĞĂƐĞƌĞŶĂůĂŶĚĚƵŽĚĞŶĂůŵZE
ĞǆƉƌĞƐƐŝŽŶŽĨƉŚŽƐƉŚĂƚĞƚƌĂŶƐƉŽƌƚĞƌƐ͕ǁŚŝůĞƐĞƌƵŵƉŚŽƐƉŚĂƚĞůĞǀĞůƐǁĞƌĞƐŝŐŶŝĮĐĂŶƚůǇ
ĚĞĐƌĞĂƐĞĚ͘/ŶĐŽŶĐůƵƐŝŽŶ͕ŽƵƌĚĂƚĂƐŚŽǁƚŚĂƚƌĞŶĂůĐĞůůƐƉƌĞĨĞƌĞŶƟĂůůǇƐĞĐƌĞƚĞŬůŽƚŚŽƚŽ
ƚŚĞĂƉŝĐĂůƐŝĚĞ͕ĂŶĚƐƵŐŐĞƐƚƚŚĂƚDƐĂƌĞƌĞƐƉŽŶƐŝďůĞĨŽƌɲ-cut cleavage. 
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3
/ŶƚƌŽĚƵĐƟŽŶ
ĂůĐŝƵŵ ĂŶĚ ƉŚŽƐƉŚĂƚĞ ŚŽŵĞŽƐƚĂƐŝƐ ŝƐ Ă ƟŐŚƚůǇ ƌĞŐƵůĂƚĞĚ ƉƌŽĐĞƐƐ͕ ŝŶǀŽůǀŝŶŐ ƐĞǀĞƌĂů
ŚŽƌŵŽŶĞƐ͘<ůŽƚŚŽŝƐĞŵĞƌŐŝŶŐĂƐĂŬĞǇĨĂĐƚŽƌŝŶƚŚŝƐƉƌŽĐĞƐƐ;ϭͲϯͿ͘/ŶŝƟĂůůǇ͕ ƚŚĞ klotho gene 
ǁĂƐĚŝƐĐŽǀĞƌĞĚĂƐĂŶĂŶƟͲĂŐŝŶŐŐĞŶĞ͕ƐŝŶĐĞůĂĐŬŽĨklotho in mice resulted in early aging and 
a premature death (4,5), while overexpression of klotho led to an increased life span (6).
<ůŽƚŚŽ ŝƐ Ă ƐŝŶŐůĞ ƉĂƐƐ ƚǇƉĞ ϭ ƚƌĂŶƐŵĞŵďƌĂŶĞ ƉƌŽƚĞŝŶ ĐŽŶƐŝƐƟŶŐ ŽĨ ƚǁŽ ĞǆƚƌĂĐĞůůƵůĂƌ
ĚŽŵĂŝŶƐ͕ǁŚŝĐŚĂƌĞƚŚĞ<>ϭĂŶĚ<>ϮƐƵďƵŶŝƚƐ͘&ƵůůͲůĞŶŐƚŚŬůŽƚŚŽŚĂƐƉŽƚĞŶƟĂůĞŶǌǇŵĂƟĐ
ĂĐƟǀŝƚǇ;ϳ͕ϴͿĂŶĚŝŶƚŚĞďŽĚǇŝƚĞǆŝƐƚƐŝŶƚǁŽĨŽƌŵƐ͕ŶĂŵĞůǇŵĞŵďƌĂŶĞͲďŽƵŶĚĂŶĚƐŽůƵďůĞ
ŬůŽƚŚŽ͘DĞŵďƌĂŶĞͲďŽƵŶĚŬůŽƚŚŽŝƐƉƌĞĚŽŵŝŶĂŶƚůǇƉƌĞƐĞŶƚŝŶƚŚĞƌĞŶĂůĚŝƐƚĂůĐŽŶǀŽůƵƟŽŶ͕
ĐŽŶƐŝƐƟŶŐŽĨƚŚĞĚŝƐƚĂůĐŽŶǀŽůƵƚĞĚƚƵďƵůĞ;dͿĂŶĚĐŽŶŶĞĐƟŶŐƚƵďƵůĞ;EdͿ͕ƉĂƌĂƚŚǇƌŽŝĚ
ŐůĂŶĚƐ ĂŶĚ ĐŚŽƌŽŝĚ ƉůĞǆƵƐ ŝŶ ƚŚĞ ďƌĂŝŶ ;ϰ͕ϵͿ͘  ŬĞǇ ĨƵŶĐƟŽŶ ŽĨ ƚŚĞŵĞŵďƌĂŶĞͲďŽƵŶĚ
ŬůŽƚŚŽ ŝƐ ƚŽĂĐƚĂƐĂŶŽďůŝŐĂƚĞĐŽĨĂĐƚŽƌ ĨŽƌ ƚŚĞĮďƌŽďůĂƐƚŐƌŽǁƚŚ ĨĂĐƚŽƌ ;&'&Ϳ ƌĞĐĞƉƚŽƌ͕ 
ƚŚĞƌĞďǇĞŶĂďůŝŶŐďŝŶĚŝŶŐĂŶĚĚŽǁŶƐƚƌĞĂŵƐŝŐŶĂůŝŶŐŽĨ&'&ϮϯǀŝĂƚŚĞZ<ϭͬϮŵŝƚŽŐĞŶͲ
ĂĐƟǀĂƚĞĚƉƌŽƚĞŝŶŬŝŶĂƐĞƉĂƚŚǁĂǇ;ϯ͕ϭϬͿ͘/ŶƚŚĞŬŝĚŶĞǇ͕ ďŝŶĚŝŶŐŽĨ&'&ϮϯƚŽƚŚĞƌĞĐĞƉƚŽƌ
ĐŽŵƉůĞǆ ƌĞƐƵůƚƐ ŝŶ ĞŶŚĂŶĐĞĚ ƉŚŽƐƉŚĂƚĞ ĞǆĐƌĞƟŽŶ ǀŝĂ ƌĞĚƵĐĞĚ ĞǆƉƌĞƐƐŝŽŶ ŽĨ ƚŚĞ
ƐŽĚŝƵŵƉŚŽƐƉŚĂƚĞ ƚƌĂŶƐƉŽƌƚĞƌƐ͕ EĂWŝͲ//Ă ĂŶĚEĂWŝͲ//Đ ;ϭϭͿ͘DŽƌĞŽǀĞƌ͕  &'&Ϯϯ ƐŝŐŶĂůŝŶŐ
downregulates 1ɲ-hydroxylase (Cyp27b1) and upregulates 24-hydroxylase (Cyp24a1Ϳ, 
enzymes involved in 1,25-dihydroxyvitamin D3 (1,25(OH)2D3ͿƉƌŽĚƵĐƟŽŶĂŶĚďƌĞĂŬĚŽǁŶ͕
ƌĞƐƉĞĐƟǀĞůǇ͕ ƌĞƐƵůƟŶŐŝŶĂĚĞĐƌĞĂƐĞŽĨƐǇƐƚĞŵŝĐůĞǀĞůƐŽĨϭ͕Ϯϱ;K,Ϳ2D3 (12,13). 
DĞŵďƌĂŶĞͲďŽƵŶĚ ŬůŽƚŚŽ ĐĂŶ ďĞ ĐůĞĂǀĞĚ ďǇ ͚ƐŚĞĚĚĂƐĞƐ͕͛  Ăƚ ƉŽƐŝƟŽŶƐ ŶĞǆƚ ƚŽ ƚŚĞ
ƚƌĂŶƐŵĞŵďƌĂŶĞĚŽŵĂŝŶ;ɲͲĐƵƚͿ͕ŽƌďĞƚǁĞĞŶƚŚĞ<>ϭĂŶĚ<>ϮƐƵďƵŶŝƚƐ;ɴͲĐƵƚͿ͕ƌĞƐƵůƟŶŐ
ŝŶƐŽůƵďůĞĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽ͕Žƌ<>ϭĂŶĚ<>ϮĨƌĂŐŵĞŶƚƐƌĞƐƉĞĐƟǀĞůǇ;&ŝŐƵƌĞϭͿ͘^ŽůƵďůĞ
ŬůŽƚŚŽ ĐĂŶ ďĞ ĚĞƚĞĐƚĞĚ ŝŶ ƐĞƌƵŵ͕ ƵƌŝŶĞ ĂŶĚ ĐĞƌĞďƌŽƐƉŝŶĂů ŇƵŝĚ ;ϭϰͿ͘ /Ŷ ƚŚĞ ƵƌŝŶĞ͕
ŬůŽƚŚŽ ƐƚĂďŝůŝǌĞƐ ƚŚĞ ƚƌĂŶƐŝĞŶƚ ƌĞĐĞƉƚŽƌ ƉŽƚĞŶƟĂů ǀĂŶŝůůŽŝĚ ;dZWsͿ ϱ ĐĂůĐŝƵŵ ĐŚĂŶŶĞů
&ŝŐƵƌĞϭͮ^ĐŚĞŵĂƟĐŽǀĞƌǀŝĞǁŽĨŬůŽƚŚŽƐŚĞĚĚŝŶŐŵĞĐŚĂŶŝƐŵƐĂƚƚŚĞƉůĂƐŵĂŵĞŵďƌĂŶĞ͘
The transmembrane klotho protein consists of a KL1 and KL2 domain. Shedding can occur above the 
ŵĞŵďƌĂŶĞ;ɲͲĐƵƚͿƌĞƐƵůƟŶŐŝŶƐŽůƵďůĞŬůŽƚŚŽ͕ŽƌďĞƚǁĞĞŶƚŚĞ<>ϭĂŶĚ<>ϮĚŽŵĂŝŶ;ɴͲĐƵƚͿ͘dŚŝƐƌĞƐƵůƚƐ
ŝŶƚŚĞ<>ϭĨƌĂŐŵĞŶƚĂŶĚŝĨƐƵďƐĞƋƵĞŶƚůǇƐŚĞĚĚŝŶŐŽĐĐƵƌƐĂƚƚŚĞɲͲĐƵƚ͕ƚŚĞ<>ϮĨƌĂŐŵĞŶƚŝƐƌĞůĞĂƐĞĚ͘
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Chapter 3
ŽŶ ƚŚĞĂƉŝĐĂůŵĞŵďƌĂŶĞ͕ ůĞĂĚŝŶŐ ƚŽĂŶ ŝŶĐƌĞĂƐĞĚ ĐĂůĐŝƵŵ ƌĞĂďƐŽƌƉƟŽŶ ŝŶ ƚŚĞŬŝĚŶĞǇ
;Ϯ͕ϭϱ͕ϭϲͿ͘ĚŝƐŝŶƚĞŐƌŝŶĂŶĚŵĞƚĂůůŽƉƌŽƚĞŝŶĂƐĞ;DͿϭϬĂŶĚDϭϳƉƌŽƚĞŝŶƐĂƌĞĂůƐŽ
membrane-bound proteins and are widely expressed in the body (17). They are related 
to the matrix metalloproteinases (MMPs) and cleave several proteins from the plasma 
ŵĞŵďƌĂŶĞ͕ŝŶĐůƵĚŝŶŐƚƵŵŽƌŶĞĐƌŽƐŝƐĨĂĐƚŽƌ;dE&ͿͲɲĂŶĚĞƉŝĚĞƌŵĂůŐƌŽǁƚŚĨĂĐƚŽƌ;'&Ϳ
;ϭϳ͕ϭϴͿ͘ /ŶƚĞƌĞƐƟŶŐůǇ͕ DϭϬĂŶĚϭϳŚĂǀĞďĞĞŶƐŚŽǁŶƚŽďĞƌĞƐƉŽŶƐŝďůĞ ĨŽƌŬůŽƚŚŽ
shedding ŝŶǀŝƚƌŽ and ĞǆǀŝǀŽas well (19).
However, the molecular mechanisms responsible for the shedding of klotho and the 
ƐƵďƐĞƋƵĞŶƚĐŽŶƐĞƋƵĞŶĐĞƐŽŶĐĂůĐŝƵŵĂŶĚƉŚŽƐƉŚĂƚĞŚŽŵĞŽƐƚĂƐŝƐƌĞŵĂŝŶƵŶŬŶŽǁŶ͘dŚĞ
aim of the present study was, therefore, to characterize renal klotho protein expression 
and to elucidate the mechanisms through which klotho is shed by determining the 
ĞīĞĐƚƐŽĨDͬDDWŝŶŚŝďŝƟŽŶŽŶŬůŽƚŚŽƐŚĞĚĚŝŶŐŝŶǀŝƚƌŽ and ŝŶǀŝǀŽ͘
Materials and methods
DNA constructs 
Mouse klotho ĨƵůůͲůĞŶŐƚŚ ĐE ĐůŽŶĞ ;'ĞŶĂŶŬTM ĂĐĐĞƐƐŝŽŶ ŶƵŵďĞƌ EDͺϬϭϯϴϮϯͿ
ǁĂƐ ĂŵƉůŝĮĞĚ ƵƐŝŶŐ WŚƵƐŝŽŶ ƉŽůǇŵĞƌĂƐĞ ;&ŝŶŶǌǇŵĞƐ͕ sĂŶƚĂĂ͕ &ŝŶůĂŶĚͿ ĂŶĚ
primers ;ĨŽƌǁĂƌĚ͕ ϱ͛Ͳ'd'''d'd'''ddͲϯ͕͛  ƌĞǀĞƌƐĞ͕
ϱ͛Ͳ''ddddddddd''Ͳϯ͛Ϳ ƚŽ ŝŶƚƌŽĚƵĐĞ yŚŽ/ ĂŶĚ ĐŽZ/ ƌĞƐƚƌŝĐƟŽŶ ƐŝƚĞƐ
ĂŶĚƌĞŵŽǀĞƚŚĞƐƚŽƉĐŽĚŽŶŽĨŬůŽƚŚŽ͘dŚĞĂŵƉůŝĐŽŶƐǁĞƌĞĐůŽŶĞĚ ŝŶƚŽƚŚĞƉ'&WͲEϯ
ǀĞĐƚŽƌ͕ ƵƐŝŶŐyŚŽ/ĂŶĚĐŽZ/ƌĞƐƚƌŝĐƟŽŶƐŝƚĞƐ͕ĞŶƐƵƌŝŶŐĂŐƌĞĞŶŇƵŽƌĞƐĐĞŶƚƉƌŽƚĞŝŶ;'&WͿ
ĨƵƐĞĚƚŽƚŚĞͲƚĞƌŵŝŶƵƐŽĨŬůŽƚŚŽ͘dŚĞĐŽŶƐƚƌƵĐƚǁĂƐǀĞƌŝĮĞĚďǇƐĞƋƵĞŶĐĞĂŶĂůǇƐŝƐ͘
Cell culture MDCK cells
DĂĚŝŶͲĂƌďǇ ĐĂŶŝŶĞ ŬŝĚŶĞǇ ƚǇƉĞ / ;D<Ϳ ĐĞůůƐ ǁĞƌĞ ŐƌŽǁŶ ŝŶ DD ;ŝŽǁŚŝƩĂŬĞƌ
ƵƌŽƉĞ͕sĞƌǀŝĞƌƐ͕ĞůŐŝƵŵͿƐƵƉƉůĞŵĞŶƚĞĚǁŝƚŚϱй;ǀͬǀͿĨĞƚĂůĐĂůĨƐĞƌƵŵ;W>ĂďŽƌĂƚŽƌŝĞƐ͕
>ŝŶǌ͕ƵƐƚƌŝĂͿ͕ϮŵD>ͲŐůƵƚĂŵŝŶĞ;^ŝŐŵĂͲůĚƌŝĐŚ͕ǁŝũŶĚƌĞĐŚƚ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿ͕ϭϬŵůͬ
ŵů ŶŽŶͲĞƐƐĞŶƟĂů ĂŵŝŶŽ ĂĐŝĚƐ ;W >ĂďŽƌĂƚŽƌŝĞƐͿ ĂŶĚ ϭϬŵŐͬŵů ĐŝƉƌŽŇŽǆĂĐŝŶ Ăƚ ϯϳΣ
in a humidity-controlled incubator with 5% (v/v) CO2͘ ^ƚĂďůĞ ƚƌĂŶƐĨĞĐƟŽŶ ŽĨ D<
ĐĞůůƐǁĂƐ ƉĞƌĨŽƌŵĞĚǁŝƚŚDĞƚĂĨĞĐƚĞŶĞ WƌŽ ;ŝŽŶƚĞǆ ůĂďŽƌĂƚŽƌŝĞƐ'ŵď,͕DĂƌƟŶƐƌŝĞĚ͕
'ĞƌŵĂŶǇͿĂŶĚϮђŐŬůŽƚŚŽͲ'&WƉ'&WͲEϯ͕ĂĐĐŽƌĚŝŶŐƚŽƚŚĞŵĂŶƵĨĂĐƚƵƌĞƌ Ɛ͛ŐƵŝĚĞůŝŶĞƐ͘
ŌĞƌϮϰŚŽƵƌƐ͕ĐĞůůƐǁĞƌĞƚƌǇƉƐŝŶŝǌĞĚ͕ĚŝǀŝĚĞĚŽǀĞƌWĞƚƌŝĚŝƐŚĞƐĂŶĚĐƵůƚƵƌĞĚŝŶŵĞĚŝƵŵ
ĐŽŶƚĂŝŶŝŶŐ ϴϬϬ ŵŐͬŵů 'ϰϭϴ ;>ŝĨĞ dĞĐŚŶŽůŽŐŝĞƐ ƵƌŽƉĞ͕ ůĞŝƐǁŝũŬ͕ dŚĞ EĞƚŚĞƌůĂŶĚƐͿ͘
ŌĞƌϭϬĚĂǇƐ͕ŝŶĚŝǀŝĚƵĂůĐŽůŽŶŝĞƐǁĞƌĞƐĞůĞĐƚĞĚďǇŵĞĂŶƐŽĨĐůŽŶŝŶŐƌŝŶŐƐ͘dŚĞ'&WƚĂŐ
ĂůůŽǁĞĚŝŵŵĞĚŝĂƚĞƐĐƌĞĞŶŝŶŐŽĨŬůŽƚŚŽͲƉŽƐŝƟǀĞĐůŽŶĞƐďĂƐĞĚŽŶ'&WͲŇƵŽƌĞƐĐĞŶĐĞĂŶĚ
ŽŶĞĐůŽŶĞǁĂƐƵƐĞĚĨŽƌƐƵďƐĞƋƵĞŶƚĞǆƉĞƌŝŵĞŶƚƐ͘D<ŬůŽƚŚŽͲ'&WĐĞůůƐǁĞƌĞƐĞĞĚĞĚĂƚ
a density of 1.5 × 105 cells/cm2ĂŶĚŐƌŽǁŶŽŶƉĞƌŵĞĂďůĞĮůƚĞƌƐƵƉƉŽƌƚƐ;Ϭ͘ϰʅŵƉŽƌĞƐŝǌĞ͕
ŽƌŶŝŶŐ͕>ŽǁĞůůD͕h^ͿĨŽƌϱĚĂǇƐ͘ŽŶŇƵĞŶĐĞǁĂƐĐŽŶĮƌŵĞĚďǇŵĞĂƐƵƌŝŶŐĞůĞĐƚƌŝĐĂů
ƌĞƐŝƐƚĂŶĐĞĂďŽǀĞϮϮϰϬKŚŵͻĐŵ2.
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Immunocytochemistry 
/ŵŵƵŶŽĐǇƚŽĐŚĞŵŝƐƚƌǇ ǁĂƐ ƉĞƌĨŽƌŵĞĚ ĂƐ ƉƌĞǀŝŽƵƐůǇ ĚĞƐĐƌŝďĞĚ ;ϮϬͿ͘ /Ŷ ƐŚŽƌƚ͕ D<
ŬůŽƚŚŽͲ'&W ĐĞůůƐ ǁĞƌĞ ŐƌŽǁŶ ŽŶ ƉĞƌŵĞĂďůĞ ĮůƚĞƌ ƐƵƉƉŽƌƚƐ ĂƐ ƐƚĂƚĞĚ ĂďŽǀĞ ĂŶĚ
ƐƵďƐĞƋƵĞŶƚůǇ ĮǆĞĚ ŝŶ ϰй ;ǁͬǀͿ ƉĂƌĂĨŽƌŵĂůĚĞŚǇĚĞ ;^ŝŐŵĂͲůĚƌŝĐŚͿ ŝŶ ƉŚŽƐƉŚĂƚĞͲ
ďƵīĞƌĞĚƐĂůŝŶĞ ;W^Ϳ͘dŚĞƉƌŝŵĂƌǇĂŶƟďŽĚǇƌĂƚͲĂŶƟͲĐĂĚŚĞƌŝŶ ;ϭ͗ϭϬϬ͕^ŝŐŵĂͲůĚƌŝĐŚͿ
ǁĂƐƵƐĞĚŽǀĞƌŶŝŐŚƚĂƚϰΣ͘&Žƌ ƚŚĞƐĞĐŽŶĚĂƌǇĂŶƟďŽĚǇ͕ ĂĐŽƌƌĞƐƉŽŶĚŝŶŐŐŽĂƚĂŶƟͲƌĂƚ
ůĞǆĂ&ůƵŽƌϱϵϰͲĐŽŶũƵŐĂƚĞĚ/Ő'ǁĂƐƵƐĞĚ;ϭ͗ϮϱϬ͕/ŶǀŝƚƌŽŐĞŶ͕ĂƌůƐďĂĚ͕͕h^Ϳ͘/ŵĂŐĞƐ
ǁĞƌĞŽďƚĂŝŶĞĚǁŝƚŚĂŶKůǇŵƉƵƐ&sϭϬϬϬĐŽŶĨŽĐĂůůĂƐĞƌƐĐĂŶŶŝŶŐŵŝĐƌŽƐĐŽƉĞƵƐŝŶŐĂϲϬǆ
ŽŝůŝŵŵĞƌƐŝŽŶŽďũĞĐƟǀĞ͘Ğ'&WǁĂƐĞǆĐŝƚĞĚǁŝƚŚĂϰϴϴůĂƐĞƌĂŶĚůĞǆĂ&ůƵŽƌϱϵϰǁŝƚŚĂ
ϱϱϵůĂƐĞƌ͘ /ŵĂŐĞƐǁĞƌĞƉƌŽĐĞƐƐĞĚǁŝƚŚ/ŵĂŐĞ:ϭ͘ϰϱď;&ŝũŝ͖ŽƉĞŶƐŽƵƌĐĞƐŽŌǁĂƌĞͿ͘
ŽůůĞĐƟŽŶĂŶĚĐŽŶĐĞŶƚƌĂƟŽŶŽĨĐƵůƚƵƌĞŵĞĚŝĂ
D< ŬůŽƚŚŽͲ'&W ĐĞůůƐ ǁĞƌĞ ŐƌŽǁŶ ƚŽ ĐŽŶŇƵĞŶĐĞ ŽŶ ƉĞƌŵĞĂďůĞ ĮůƚĞƌ ƐƵƉƉŽƌƚƐ ĂƐ
ĚĞƐĐƌŝďĞĚ ĂďŽǀĞ͘ŌĞƌ ϭϲ ŚŽƵƌƐ ŝŶĐƵďĂƟŽŶ ŝŶ ƐĞƌƵŵ ĨƌĞĞ ĐƵůƚƵƌĞŵĞĚŝƵŵ͕ŵĞĚŝĂ ŽĨ
ϲĚŝīĞƌĞŶƚĮůƚĞƌƐǁĞƌĞŚĂƌǀĞƐƚĞĚĨƌŽŵƚŚĞĂƉŝĐĂů ;Ϭ͘ϱŵůͿĂŶĚďĂƐŽůĂƚĞƌĂůƐŝĚĞ;ϭŵůͿ͘
WƌŽƚĞĂƐĞŝŶŚŝďŝƚŽƌƐ;ϭʅŐͬŵůWĞƉƐƚĂƟŶ;DWŝŽŵĞĚŝĐĂůƐ͕^ĂŶƚĂŶĂ͕͕h^Ϳ͕ϭϮ͘ϱʅŐͬ
ŵů >ĞƵƉĞƉƟŶ ;DWŝŽŵĞĚŝĐĂůƐͿ͕ ϭŵDƉŚĞŶǇůŵĞƚŚĂŶĞƐƵůĨŽŶǇůŇƵŽƌŝĚĞ ;WD^&͖ ^ŝŐŵĂͲ
ůĚƌŝĐŚͿͿǁĞƌĞĂĚĚĞĚĂŶĚŵĞĚŝĂǁĞƌĞ ĐĞŶƚƌŝĨƵŐĞĚ ĨŽƌϮŵŝŶƵƚĞƐ Ăƚ ϮϬϬŐ to remove 
ƌĞŵĂŝŶŝŶŐĐĞůůƐ͘^ƵďƐĞƋƵĞŶƚůǇ͕ ƚŚĞƐƵƉĞƌŶĂƚĂŶƚǁĂƐĐŽŶĐĞŶƚƌĂƚĞĚƚŽĞƋƵĂůǀŽůƵŵĞƐ;ϲϱ
ʅůͿ ƵƐŝŶŐ ĐĞŶƚƌŝĨƵŐĂů ĮůƚĞƌ ƵŶŝƚƐ ;ŵŝĐŽŶΠhůƚƌĂͲϰ͕ ϭϬ<͕DŝůůŝƉŽƌĞ͕ ŝůůĞƌŝĐĂ͕D͕h^Ϳ͕
according to the manufacturer’s protocol and denatured in Laemmli, containing 100 mM 
ddĨŽƌϯϬŵŝŶƵƚĞƐĂƚϯϳΣ͘^ƵďƐĞƋƵĞŶƚůǇ͕ ƐĂŵƉůĞƐǁĞƌĞƐƵďũĞĐƚĞĚƚŽ^^ͲW'͘
^^ͲW'ĂŶĚ/ŵŵƵŶŽďůŽƫŶŐ
WƌŽƚĞŝŶƐĂŵƉůĞƐǁĞƌĞĂƉƉůŝĞĚƚŽĂŶϴй;ǁͬǀͿĂĐƌǇůĂŵŝĚĞ^^ͲW'ŐĞů͕ĂŶĚďůŽƩĞĚƚŽĂ
Ws&ŵĞŵďƌĂŶĞ;DŝůůŝƉŽƌĞͿ͘/ŵŵƵŶŽďůŽƚƐŽĨŵĞĚŝĂĨƌŽŵĐƵůƚƵƌĞĚĐĞůůƐǁĞƌĞŝŶĐƵďĂƚĞĚ
ǁŝƚŚ ƌĂƚ ĂŶƟͲ<>ϭ ;ϭ͗Ϯ͕ϱϬϬ͕ <DϮϬϳϲͿ͕ ƌĂƚ ĂŶƟͲ<>Ϯ ;ϭ͗Ϯ͕ϱϬϬ͕ <DϮϭϭϵ͕ ŬŝŶĚ ŐŝŌƐ ĨƌŽŵ
ƌ͘  DĂŬŽƚŽ <ƵƌŽͲK ;hŶŝǀĞƌƐŝƚǇ ŽĨ dĞǆĂƐ ^ŽƵƚŚǁĞƐƚĞƌŶ DĞĚŝĐĂů ^ĐŚŽŽů͕ h^ͿͿ Žƌ ƌĂƚ
ĂŶƟͲŬůŽƚŚŽ;ϭ͗ϭ͕ϬϬϬ͕ZΘ͕DŝŶŶĞĂƉŽůŝƐ͕DE͕h^Ϳ͘ /ŵŵƵŶŽďůŽƚƐŽĨĐĞůů ůǇƐĂƚĞƉƌŽƚĞŝŶ
ƐĂŵƉůĞƐǁĞƌĞ ŝŶĐƵďĂƚĞĚǁŝƚŚ ƌĂďďŝƚĂŶƟͲ'&W ;ϭ͗ϱ͕ϬϬϬ͕ ;ϮϭͿͿĂƐ ƚŚĞƉƌŝŵĂƌǇĂŶƟďŽĚǇ͘
ƐƐĞĐŽŶĚĂƌǇĂŶƟďŽĚŝĞƐ͕ƚŚĞĂƉƉƌŽƉƌŝĂƚĞƉĞƌŽǆŝĚĂƐĞĐŽŶũƵŐĂƚĞĚŐŽĂƚĂŶƟͲƌĂƚĂŶĚŐŽĂƚ
ĂŶƟͲƌĂďďŝƚ;^ŝŐŵĂͲůĚƌŝĐŚͿǁĞƌĞƵƐĞĚ͘ůŽƚƐǁĞƌĞĞŶŚĂŶĐĞĚƵƐŝŶŐĐŚĞŵŝůƵŵŝŶĞƐĐĞŶĐĞ
;>͕WŝĞƌĐĞ͕ƩĞŶͲ>ĞƵƌ͕ dŚĞEĞƚŚĞƌůĂŶĚƐͿĂŶĚĂŶĂůǇǌĞĚƵƐŝŶŐƚŚĞŚĞŵŝŽĐyZ^;ŝŽZĂĚ͕
sĞĞŶĞŶĚĂĂů͕dŚĞEĞƚŚĞƌůĂŶĚƐͿ͘^ĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶŽĨŝŵŵƵŶŽďůŽƚƐǁĂƐƉĞƌĨŽƌŵĞĚĂƐ
described previously (22). 
/ƐŽůĂƟŽŶŽĨdĂŶĚEdƵƐŝŶŐKW^ƐŽƌƟŶŐ
dŽ ĞŶĂďůĞ ĚĞƚĞĐƟŽŶ ŽĨ ŵZE ĞǆƉƌĞƐƐŝŽŶ ƐƉĞĐŝĮĐĂůůǇ ŝŶ d Žƌ Ed͕  ĞŝŐŚƚ ƚƌĂŶƐŐĞŶŝĐ
ƉĂƌǀĂůďƵŵŝŶͲ'&WŵŝĐĞ;ĂŬŝŶĚŐŝŌĨƌŽŵƌ͘ DŽŶǇĞƌ;hŶŝǀĞƌƐŝƚǇŽĨ,ĞŝĚĞůďĞƌŐ͕'ĞƌŵĂŶǇͿͿ
;ϮϯͿ͕ĂŶĚĨŽƵƌdZWsϱͲ'&WŵŝĐĞ;ŬŝŶĚůǇƉƌŽǀŝĚĞĚďǇƌ͘ WƌĂĞƚŽƌŝƵƐ;hŶŝǀĞƌƐŝƚǇŽĨĂƌŚƵƐ͕
ĞŶŵĂƌŬͿͿ;ϮϰͿǁĞƌĞƐĂĐƌŝĮĐĞĚ͕ƌĞƐƉĞĐƟǀĞůǇ͘ DŝĐĞǁĞƌĞĂŶĞƐƚŚĞƟǌĞĚĂŶĚƉĞƌĨƵƐĞĚǁŝƚŚ
ŝĐĞͲĐŽůĚ<ƌĞďƐďƵīĞƌ;ŝŶŵD͗ϭϰϱEĂů͕ϱ<ů͕ϭEĂ,2PO4, 2.5 CaCl2, 1.8 MgSO4, 10 glucose, 
10 HEPES/NaOH, pH 7.4) through the heart. The kidneys were removed, minced, and 
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Chapter 3
ĚŝŐĞƐƚĞĚ ŝŶϭŵŐͬŵůĐŽůůĂŐĞŶĂƐĞ ;tŽƌƚŚŝŶŐƚŽŶŝŽĐŚĞŵŝĐĂůŽƌƉŽƌĂƟŽŶ͕>ĂŬĞǁŽŽĚ͕E:͕
h^Ϳ͕Ϯ͕ϬϬϬƵŶŝƚƐͬŵůŚǇĂůƵƌŽŶŝĚĂƐĞ;^ŝŐŵĂͲůĚƌŝĐŚͿŝŶ<ƌĞďƐďƵīĞƌĂƚϯϳΣĨŽƌϭϱŵŝŶƵƚĞƐ͘
dƵďƵůĞƐ ďĞƚǁĞĞŶϰϬ ĂŶĚ ϭϬϬʅŵǁĞƌĞ ƐĞůĞĐƚĞĚďĂƐĞĚŽŶ'&WŇƵŽƌĞƐĐĞŶĐĞďǇ KW^
;ŽŵƉůĞǆKďũĞĐƚWĂƌĂŵĞƚƌŝĐŶĂůǇƐŝƐĂŶĚ^ŽƌƟŶŐ͕hŶŝŽŶŝŽŵĞƚƌŝĐĂ͕,ŽůůŝƐƚŽŶ͕D͕h^Ϳ
;Ϯϱ͕ϮϲͿ͘tŚŽůĞŬŝĚŶĞǇƐĂŵƉůĞƐĐŽŶƚĂŝŶĞĚďŽƚŚ'&WͲƐĞůĞĐƚĞĚĂŶĚƵŶƐĞůĞĐƚĞĚƚƵďƵůĞƐ͘dŽƚĂů
ZEǁĂƐŝƐŽůĂƚĞĚƵƐŝŶŐdZ/ǌŽůƚŽƚĂůZEŝƐŽůĂƟŽŶĂŐĞŶƚ;/ŶǀŝƚƌŽŐĞŶͿ͕ƚƌĞĂƚĞĚǁŝƚŚEĂƐĞ
;WƌŽŵĞŐĂ͕DĂĚŝƐŽŶ͕t/͕h^ͿĂŶĚƌĞǀĞƌƐĞƚƌĂŶƐĐƌŝďĞĚƵƐŝŶŐŵͲD>sƌĞǀĞƌƐĞƚƌĂŶƐĐƌŝƉƚĂƐĞ
;/ŶǀŝƚƌŽŐĞŶͿĨŽƌϭ͘ϱŚŽƵƌƐĂƚϯϳΣ͘'ĞŶĞĞǆƉƌĞƐƐŝŽŶůĞǀĞůƐǁĞƌĞĚĞƚĞƌŵŝŶĞĚďǇƋƵĂŶƟƚĂƟǀĞ
ƌĞĂůͲƟŵĞWZƵƐŝŶŐ^zZ'ƌĞĞŶ;ŝŽZĂĚͿŽŶĂ&yϲϵŝŽͲZĂĚĂŶĂůǇǌĞƌ͘ 'ĞŶĞĞǆƉƌĞƐƐŝŽŶ
was normalized for 'ĂƉĚŚĞǆƉƌĞƐƐŝŽŶůĞǀĞůƐĂŶĚĐĂůĐƵůĂƚĞĚĂĐĐŽƌĚŝŶŐƚŽƚŚĞȴȴdŵĞƚŚŽĚ͘
WƌŝŵĞƌƐĞƋƵĞŶĐĞƐĂƌĞůŝƐƚĞĚŝŶdĂďůĞϭ͘
dĂďůĞϭͮWƌŝŵĞƌƐĞƋƵĞŶĐĞƐƵƐĞĚĨŽƌƌĞĂůͲƟŵĞWZ
Gene &ŽƌǁĂƌĚƉƌŝŵĞƌϱ͛ʹϯ͛ ZĞǀĞƌƐĞƉƌŝŵĞƌϱ͛ʹϯ͛
Gapdh ddd''''d''' ''ddd
Klotho ''dd'dddd d''''dd'''d'
NaPi-IIa d''''''' ''''d'
NaPi-IIc 'd''d''dddd 'dd'ddd'
Pit1 d'ddd'd''d'd d''''''
Pit2 '''d'd'dddd ''d''''d
Trpv5 d'''dd'd''dddd ddd''d'
Trpv6 ''ddddd dd'''ddd
Cabp9K 'd''''d''ddd' dddd'ddd'
Cyp27b1 'd'dd''dd'dd'd'' d''''ddd'dddd
Cyp 24a1 '''dd'''dd ''d''d'ddd'
ADAM10 '''ddd ''''d'dddddd
ADAM17 '''dd'dd'' ddd'd'''dd''d
Bcrp d'''dd' d'dddd' 
dŚĞĨŽƌǁĂƌĚĂŶĚƌĞǀĞƌƐĞŵŽƵƐĞƉƌŝŵĞƌƐŽĨƚŚĞƐĞǀĞƌĂůŐĞŶĞƐƵƐĞĚŝŶƌĞĂůƟŵĞWZŽŶŬŝĚŶĞǇĂŶĚ
ĚƵŽĚĞŶƵŵŵZE͘ 'ĂƉĚŚ͕ ŐůǇĐĞƌĂůĚĞŚǇĚĞ ϯͲƉŚŽƐƉŚĂƚĞ ĚĞŚǇĚƌŽŐĞŶĂƐĞ͖ EĂWŝͲ//Ă ĂŶĚ //Đ͕ ƚǇƉĞ //
ƐŽĚŝƵŵƉŚŽƐƉŚĂƚĞ ƚƌĂŶƐƉŽƌƚĞƌĂĂŶĚĐ͖WŝƚϭĂŶĚϮ͕ ƚǇƉĞ /// ƐŽĚŝƵŵƉŚŽƐƉŚĂƚĞ ƚƌĂŶƐƉŽƌƚĞƌϭĂŶĚ
Ϯ͖ dZWsϱ ĂŶĚ ϲ͕ ƚƌĂŶƐŝĞŶƚ ƌĞĐĞƉƚŽƌ ƉŽƚĞŶƟĂů ǀĂŶŝůůŽŝĚ ŵĞŵďĞƌ ϱ ĂŶĚ ϲ͖ ĂďƉϵ<͕ ĐĂůďŝŶĚŝŶͲ9K͖
ǇƉϮϳďϭ͕ĐǇƚŽĐŚƌŽŵĞƉϰϱϬϮϳďϭ͖ǇƉϮϰĂϭ͕ĐǇƚŽĐŚƌŽŵĞƉϰϱϬϮϰĂϭ͖DϭϬĂŶĚϭϳ͕ĂĚŝƐŝŶƚĞŐƌŝŶ
ŵĞƚĂůůŽƉƌŽƚĞŝŶĂƐĞϭϬĂŶĚϭϳ͖ĐƌƉ͕ƌĞĂƐƚĂŶĐĞƌZĞƐŝƐƚĂŶĐĞWƌŽƚĞŝŶ͘
Cell culture HEK293 cells and TNF484 treatment
,ƵŵĂŶĞŵďƌǇŽŶŝĐŬŝĚŶĞǇ;,<ͿϮϵϯĐĞůůƐǁĞƌĞŐƌŽǁŶŝŶDD;ŝŽǁŚŝƩĂŬĞƌƵƌŽƉĞͿ
ĐŽŶƚĂŝŶŝŶŐ ϭϬй ;ǀͬǀͿ ĨĞƚĂů ĐĂůĨ ƐĞƌƵŵ ;,ǇĐůŽŶĞ͕ >ŽŐĂŶ hd͕  h^Ϳ͕ Ϯ ŵD >ͲŐůƵƚĂŵŝŶĞ
;^ŝŐŵĂͲůĚƌŝĐŚͿĂŶĚϭϬŵůͬŵůŶŽŶͲĞƐƐĞŶƟĂůĂŵŝŶŽĂĐŝĚƐ;W>ĂďŽƌĂƚŽƌŝĞƐͿĂƚϯϳΣŝŶĂ
humidity-controlled incubator with 5% (v/v) CO2. Cells were transiently transfected with 
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Renal klotho shedding
3
ŵŽƵƐĞ ŬůŽƚŚŽͲ'&W Ɖ'&WͲEϯ Žƌ ĂŶ ĞŵƉƚǇ ǀĞĐƚŽƌ Ɖ'&WͲEϯ ƵƐŝŶŐ ƉŽůǇĞƚŚǇůĞŶĞŝŵŝŶĞ
;W/͕ ƌƵŶƐĐŚǁŝŐ ŚĞŵŝĞ͕ ŵƐƚĞƌĚĂŵ͕ dŚĞEĞƚŚĞƌůĂŶĚƐͿǁŝƚŚ ĂE͗W/ ƌĂƟŽŽĨ ϭ͗ϲ͘
ŌĞƌϰϴͲŚŽƵƌƚƌĂŶƐĨĞĐƟŽŶ͕ŬůŽƚŚŽͲ'&WĞǆƉƌĞƐƐŝŽŶǁĂƐĐŽŶĮƌŵĞĚďǇ'&WŇƵŽƌĞƐĐĞŶĐĞ͘
dŚĞƉŚĂƌŵĂĐŽůŽŐŝĐĂůĐŽŵƉŽƵŶĚdE&ϰϴϰ͕ĚŝƐƐŽůǀĞĚŝŶW^;ĚĞƐĐƌŝďĞĚĂƐĐŽŵƉŽƵŶĚϱŝŶ
;ϮϴͿ;ĂŬŝŶĚŐŝŌŽĨEŽǀĂƌƟƐWŚĂƌŵĂ͕ĞƌŶ͕^ǁŝƚǌĞƌůĂŶĚͿ͕ǁĂƐƵƐĞĚĂƐDĂŶĚDDW
ŝŶŚŝďŝƚŽƌ͘ /ŶĂĚĚŝƟŽŶ͕ĂŵŽƌĞƐƉĞĐŝĮĐDϭϬŝŶŚŝďŝƚŽƌ͕ '/ϮϱϰϬϮϯy;dŽĐƌŝƐŝŽƐĐŝĞŶĐĞ͕
ƌŝƐƚŽů͕hŶŝƚĞĚ<ŝŶŐĚŽŵͿǁĂƐƵƐĞĚ͘ĞůůƐǁĞƌĞŝŶĐƵďĂƚĞĚŽǀĞƌŶŝŐŚƚǁŝƚŚǀĂƌǇŝŶŐĚŽƐĞƐ
ŽĨ dE&ϰϴϰ Žƌ '/ϮϱϰϬϮϯy ŝŶ ƐĞƌƵŵ ĨƌĞĞ ĐƵůƚƵƌĞ ŵĞĚŝƵŵ͘ DĞĚŝĂ ǁĞƌĞ ĐŽůůĞĐƚĞĚ ĂŶĚ
ĐŽŶĐĞŶƚƌĂƚĞĚƚŽĞƋƵĂůǀŽůƵŵĞƐĂƐŵĞŶƟŽŶĞĚĂďŽǀĞ͘ŽƚŚŵĞĚŝĂĂŶĚƉƌŽƚĞŝŶĐĞůůůǇƐĂƚĞ
samples were denatured in Laemmli containing 100 mM DTT for 30 minutes at 37°C. 
^ƵďƐĞƋƵĞŶƚůǇ͕ ƐĂŵƉůĞƐǁĞƌĞƐƵďũĞĐƚĞĚƚŽ^^ͲW'͘
In vivoƚƌĞĂƚŵĞŶƚŽĨŵŝĐĞǁŝƚŚdE&ϰϴϰ
tŝůĚƚǇƉĞŵĂůĞϱϳ>ͬϲEŵŝĐĞ;ϴǁĞĞŬƐ͖ŶсϭϬͬŐƌŽƵƉͿǁĞƌĞƉƵƌĐŚĂƐĞĚĨƌŽŵŚĂƌůĞƐZŝǀĞƌ͕ 
dŚĞEĞƚŚĞƌůĂŶĚƐ͘ŶŝŵĂůƐǁĞƌĞŚŽƵƐĞĚŝŶĂƚĞŵƉĞƌĂƚƵƌĞͲĂŶĚůŝŐŚƚͲĐŽŶƚƌŽůůĞĚƌŽŽŵǁŝƚŚ
food and drinking water available ad libitum. Mice ƌĞĐĞŝǀĞĚƚǁŽŝŶƚƌĂƉĞƌŝƚŽŶĞĂůŝŶũĞĐƟŽŶƐ
ĂƚƚǁĞůǀĞͲŚŽƵƌŝŶƚĞƌǀĂůƐ͕ǁŝƚŚĞŝƚŚĞƌϭϬŵŐdE&ϰϴϰͬŬŐďŽĚǇǁĞŝŐŚƚŝŶW^͕ŽƌϭϬϬʅůW^͘
dŚĞƵƐĞĚĐŽŶĐĞŶƚƌĂƟŽŶŽĨdE&ϰϴϰŚĂĚďĞĞŶƉƌŽǀĞŶĨƵŶĐƟŽŶĂůŝŶƉƌĞǀŝŽƵƐƐƚƵĚŝĞƐ;Ϯϵ͕ϯϬͿ͘
To collect 24-hour urine, the animals were housed in individual metabolic cages for 24 
ŚŽƵƌƐ͕ ŝŵŵĞĚŝĂƚĞůǇĂŌĞƌ ƚŚĞĮƌƐƚ ŝŶũĞĐƟŽŶ͘ƚ ƐĂĐƌŝĮĐĞ͕ŵŝĐĞǁĞƌĞĂŶĞƐƚŚĞƟǌĞĚǁŝƚŚ
ŝƐŽŇƵƌĂŶĞĂŶĚĞǆƐĂŶŐƵŝŶĂƚĞĚǀŝĂƚŚĞŽƌďŝƚĂůƐŝŶƵƐ͘<ŝĚŶĞǇƐǁĞƌĞŝƐŽůĂƚĞĚ͕ĚĞĐĂƉƐƵůĂƚĞĚ͕
ƐƵďĚŝǀŝĚĞĚ ĂŶĚ ƐŶĂƉ ĨƌŽǌĞŶ ŝŶ ůŝƋƵŝĚ ŶŝƚƌŽŐĞŶ͘ ƵŽĚĞŶƵŵ ƐĞŐŵĞŶƚƐǁĞƌĞ ĞǆƚƌĂĐƚĞĚ͕
ƌŝŶƐĞĚǁŝƚŚW^͕ĚŝǀŝĚĞĚŝŶĨŽƵƌĂŶĚƐŶĂƉĨƌŽǌĞŶŝŶůŝƋƵŝĚŶŝƚƌŽŐĞŶ͘dŚĞĞƚŚŝĐƐĐŽŵŵŝƩĞĞ
of the Radboud University Nijmegen approved the animal experiments.
hƌŝŶĞĂŶĚƟƐƐƵĞĂŶĂůǇƐŝƐ
WƌŽƚĞĂƐĞŝŶŚŝďŝƚŽƌƐ;ϭʅŐͬŵůWĞƉƐƚĂƟŶ;DWŝŽŵĞĚŝĐĂůƐͿ͕ϭŵDWD^&;^ŝŐŵĂͲůĚƌŝĐŚͿ
ĂŶĚϭϮ͘ϱʅŐͬŵů>ĞƵƉĞƉƟŶ;DWŝŽŵĞĚŝĐĂůƐͿͿǁĞƌĞĂĚĚĞĚƚŽϮϱʅůŽĨƵƌŝŶĞ͕ĂŶĚƐĂŵƉůĞƐ
were centrifuged for 2 minutes at 400 Ő. Laemmli containing 100 mM DTT was added to the 
supernatant, and samples were incubated for 30 minutes at 37°C. Kidney protein lysates 
ǁĞƌĞ ƉƌĞƉĂƌĞĚ ĂƐ ĚĞƐĐƌŝďĞĚ ƉƌĞǀŝŽƵƐůǇ ;ϯϭͿ ĂŶĚ ƐƵďũĞĐƚĞĚ ƚŽ ^^ͲW'͘ dŚĞ ĨŽůůŽǁŝŶŐ
ƉƌŝŵĂƌǇ ĂŶƟďŽĚŝĞƐǁĞƌĞ ƵƐĞĚ͗ ƌĂƚ ĂŶƟͲ<>ϭ ;ϭ͗Ϯ͕ϱϬϬ͕ <DϮϬϳϲͿ͕ ƐŚĞĞƉ ĂŶƟͲƵƌŽŵŽĚƵůŝŶ
;ϭ͗ϭ͕ϬϬϬ͕ ŝŽƚƌĞŶĚ͕ <ƂůŶ͕ 'ĞƌŵĂŶǇͿ͕ ŵŽƵƐĞ ĂŶƟͲďĞƚĂͲĂĐƟŶ ;ϭ͗ϭϬ͕ϬϬϬ͕ ^ŝŐŵĂͲůĚƌŝĐŚͿ͕
ƌĂďďŝƚĂŶƟͲƉϰϰͬϰϮĂŶĚƌĂďďŝƚĂŶƟͲϰϰͬϰϮDWŬŝŶĂƐĞ;ϭ͗ϭ͕ϬϬϬ͕Ğůů^ ŝŐŶĂůŝŶŐ͕ĂŶǀĞƌƐ͕D͕
h^Ϳ͘DĞŵďƌĂŶĞĨƌĂĐƟŽŶƐǁĞƌĞŝƐŽůĂƚĞĚĂƐĚĞƐĐƌŝďĞĚƉƌĞǀŝŽƵƐůǇ;ϯϮͿ͘/ŶƐŚŽƌƚ͕ƟƐƐƵĞǁĂƐ
ŚŽŵŽŐĞŶŝǌĞĚŝŶůǇƐŝƐďƵīĞƌ;ϱϬŵDdƌŝƐͲ,ůƉ,ϳ͘ϱ͕ϭŵDd͕ϭŵD'd͕ϭŵDEĂ3sK4, 
5 mM NaF, 5 mM ɴͲŐůǇĐĞƌŽƉŚŽƐƉŚĂƚĞ, 0.27 M sucrose, 0.1% (v/v) 2-mercapto-ethanol and 
ƉƌŽƚĞĂƐĞŝŶŚŝďŝƚŽƌƐ;ϭƚĂďůĞƚƉĞƌϭϬŵůďƵīĞƌ͕ ZŽĐŚĞ͕ĂƐĞů͕^ǁŝƚǌĞƌůĂŶĚͿͿĂŶĚĐĞŶƚƌŝĨƵŐĞĚ
1,500 Ő ĨŽƌϱŵŝŶƵƚĞƐ Ăƚ ϰΣ͘ ^ƵďƐĞƋƵĞŶƚůǇ͕  ƐƵƉĞƌŶĂƚĂŶƚǁĂƐ ĐĞŶƚƌŝĨƵŐĞĚĂƚϭϬϬ͕ϬϬϬŐ
ĨŽƌϭŚŽƵƌĂƚϰΣĂŶĚƚŚĞƉĞůůĞƚǁĂƐǁĂƐŚĞĚŝŶůǇƐŝƐďƵīĞƌǁŝƚŚŽƵƚϮͲŵĞƌĐĂƉƚŽͲĞƚŚĂŶŽů
and again centrifuged at 100,000 Ő for 15 minutes at 4°C. The pellet was resuspended 
ŝŶ ůǇƐŝƐďƵīĞƌĐŽŶƚĂŝŶŝŶŐϭй;ǀͬǀͿŶŽŶŝĚĞƚWͲϰϬĂŶĚϬ͘ϭй;ǀͬǀͿϮͲŵĞƌĐĂƉƚŽͲĞƚŚĂŶŽůĂŶĚ
centrifuged at 14,300 Ő for 10 minutes at 4°C and the protein amount of supernatant 
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;ŵĞŵďƌĂŶĞĨƌĂĐƟŽŶͿǁĂƐƋƵĂŶƟĮĞĚĂŶĚĂŶĂůǇǌĞĚďǇŝŵŵƵŶŽďůŽƫŶŐ͘ZĂďďŝƚĂŶƟͲEĂWŝͲ//Ă
;ϭ͗Ϯ͕ϱϬϬ͕ŬŝŶĚŐŝŌĨƌŽŵƌ͘ :ƺƌŐŝďĞƌ͕ hŶŝǀĞƌƐŝƚǇŽĨƺƌŝĐŚ͕^ ǁŝƚǌĞƌůĂŶĚͿ͕ƌĂďďŝƚĂŶƟͲEĂWŝͲ//Đ
;ϭ͗ϱϬϬ͕>ŝĨĞ^ƉĂŶŝŽ^ĐŝĞŶĐĞƐ͕/ŶĐ͕͘^ĞĂƩůĞt͕h^ͿĂŶĚƌĂďďŝƚĂŶƟͲEĂ͕<ͲdWĂƐĞɲͲƐƵďƵŶŝƚ
(1:2͕ϬϬϬ͕ϯϱϲͲDϬϵ;ϯϯͿͿǁĞƌĞƵƐĞĚĂƐƉƌŝŵĂƌǇĂŶƟďŽĚŝĞƐ͘ŽŽŵĂƐƐŝĞďůƵĞƐƚĂŝŶŝŶŐǁĂƐ
ƉĞƌĨŽƌŵĞĚĨŽƌϭŚŽƵƌĂƚƌŽŽŵƚĞŵƉĞƌĂƚƵƌĞĂŶĚƐƵďƐĞƋƵĞŶƚůǇĚĞƐƚĂŝŶĞĚĨŽƌϯϬŵŝŶƵƚĞƐ͘
dŽƚĂůZEǁĂƐŝƐŽůĂƚĞĚĨƌŽŵŬŝĚŶĞǇƐĂŶĚĚƵŽĚĞŶƵŵĂƐĚĞƐĐƌŝďĞĚĂďŽǀĞ͘
ŶĂůǇƟĐĂůƉƌŽĐĞĚƵƌĞƐ
^ĞƌƵŵ ĂŶĚ ƵƌŝŶĞ ƉŚŽƐƉŚĂƚĞ ĐŽŶĐĞŶƚƌĂƟŽŶƐ ǁĞƌĞ ĚĞƚĞƌŵŝŶĞĚ ďǇ ŝŶͲŚŽƐƉŝƚĂů ƐĞƌǀŝĐĞƐ
ƵƐŝŶŐĂƵƚŽŵĂƟĐďŝŽĐŚĞŵŝĐĂůĂŶĂůǇǌĞƌƐ͘ ĐŽůŽƌŝŵĞƚƌŝĐĂƐƐĂǇŬŝƚǁĂƐƵƐĞĚ ƚŽŵĞĂƐƵƌĞ
ƐĞƌƵŵĂŶĚƵƌŝŶĂƌǇĐĂůĐŝƵŵĐŽŶĐĞŶƚƌĂƟŽŶƐ ;ϯϰͿ͘ĂůĐŝƵŵŵĞĂƐƵƌĞŵĞŶƚƐǁĞƌĞǀĞƌŝĮĞĚ
using a commercial serum standard (Precinorm U, Roche). Serum 1,25(OH)2D3 levels 
were analyzed with the [125/΁ϭ͕Ϯϱ;K,Ϳ2D3 Z/ ĂƐƐĂǇ ;/^ /ŶĐ͕͘ ^ĐŽƩƐĚĂůĞ͕ ͕ h^Ϳ͘
Wd,ǁĂƐ ĚĞƚĞƌŵŝŶĞĚ ƵƐŝŶŐ ƚŚĞŵŽƵƐĞ Wd, ϭͲϴϰ >/^ Ŭŝƚ ;/ŵŵƵƚŽƉŝĐƐ ŝŶƚĞƌŶĂƟŽŶĂů͕
^ĂŶ ůĞŵĞŶƚĞ͕ ͕ h^Ϳ ĂŶĚ &'&Ϯϯ ƵƐŝŶŐ ƚŚĞ ŵŽƵƐĞ ͲƚĞƌŵŝŶĂů &'&Ϯϯ >/^ ĂƐƐĂǇ
;/ŵŵƵƚŽƉŝĐƐŝŶƚĞƌŶĂƟŽŶĂůͿ͘
^ƚĂƟƐƟĐƐ
sĂůƵĞƐĂƌĞĞǆƉƌĞƐƐĞĚĂƐŵĞĂŶƐц^ ͘͘D͘ŝīĞƌĞŶĐĞƐďĞƚǁĞĞŶĐŽŶƚƌŽůĂŶĚdE&ϰϴϰͲƚƌĞĂƚĞĚ
ŵŝĐĞǁĞƌĞƚĞƐƚĞĚƵƐŝŶŐĂƚǁŽͲƐŝĚĞĚƵŶƉĂŝƌĞĚƚͲƚĞƐƚ͘ŝīĞƌĞŶĐĞƐǁĞƌĞĐŽŶƐŝĚĞƌĞĚƚŽďĞ
ƐƚĂƟƐƟĐĂůůǇƐŝŐŶŝĮĐĂŶƚǁŚĞŶWфϬ͘Ϭϱ͘ĂƚĂŽĨƚŚĞƐĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶŽĨƚŚĞdE&ϰϴϰĚŽƐĞͲ
ƌĞƐƉŽŶƐĞŝŵŵƵŶŽďůŽƚǁĂƐĂŶĂůǇǌĞĚǁŝƚŚŶŽŶͲůŝŶĞĂƌƌĞŐƌĞƐƐŝŽŶ͘ŶĂůǇƐŝƐŽĨƚŚĞĚĂƚĂƐĞƚƐ
ǁĂƐƉĞƌĨŽƌŵĞĚƵƐŝŶŐ'ƌĂƉŚWĂĚWƌŝƐŵ͕ǀĞƌƐŝŽŶϲ͘Ϭ͘
Results
ďƵŶĚĂŶĐĞŽĨƐŽůƵďůĞŬůŽƚŚŽǁĂƐĞůĞǀĂƚĞĚŝŶĂƉŝĐĂůŵĞĚŝĂ
dŚĞ ƐƵďĐĞůůƵůĂƌ ůŽĐĂůŝǌĂƟŽŶ ŽĨ ŬůŽƚŚŽ ǁĂƐ ƐƚƵĚŝĞĚ ƵƐŝŶŐ ĂŶ D< ĐĞůů ůŝŶĞ͕ ƐƚĂďůǇ
ĞǆƉƌĞƐƐŝŶŐ ŬůŽƚŚŽͲ'&W͘  <ůŽƚŚŽ ĐŽůŽĐĂůŝǌĞĚ ǁŝƚŚ ͲĐĂĚŚĞƌŝŶ͕ ŝŶĚŝĐĂƟŶŐ Ă ďĂƐŽůĂƚĞƌĂů
ůŽĐĂůŝǌĂƟŽŶĂŶĚĂŶ ŝŶƚĞŶƐĞƐŝŐŶĂůǁĂƐƐĞĞŶĂƚƚŚĞĐĞůů ũƵŶĐƟŽŶ;&ŝŐƵƌĞϮĂͿ͘dŚĞƐŝŐŶĂů
ĨƌŽŵŬůŽƚŚŽͲ'&WĞǆƉƌĞƐƐŝŽŶƐŚŽǁĞĚĂŚŝŐŚĞƌŝŶƚĞŶƐŝƚǇon the apical plasma membrane 
compared to the basolateral membrane (Figure 2b). Soluble klotho was detected in the 
ŵĞĚŝĂĚĞƌŝǀĞĚĨƌŽŵƚŚĞĂƉŝĐĂůĂŶĚďĂƐŽůĂƚĞƌĂůƐŝĚĞŽĨŶŽŶͲƐƟŵƵůĂƚĞĚD<ŬůŽƚŚŽͲ'&W
cells (Figure 2c). The bands at 130 kDa represent full-length soluble klotho, whereas the 
ďĂŶĚƐĂƚϳϬŬĂ;ůĞŌŝŵŵƵŶŽďůŽƚͿĂŶĚϱϱŬĂ;ƌŝŐŚƚŝŵŵƵŶŽďůŽƚͿĚĞƉŝĐƚ<>ϭĂŶĚ<>Ϯ͕
ƌĞƐƉĞĐƟǀĞůǇ͘dŚĞƌĞŵĂŝŶŝŶŐďĂŶĚƐĐŽƵůĚďĞďƌĞĂŬĚŽǁŶƉƌŽĚƵĐƚƐŽĨƐŽůƵďůĞŬůŽƚŚŽ͘ŽƚŚ
full-length klotho and the smaller fragments KL1 and KL2 were more abundant in media 
collected from the apical side, compared to the basolateral side.
ŶƌŝĐŚŵĞŶƚŽĨŬůŽƚŚŽĂŶĚDϭϳŵZEŝŶĚŝƐƚĂůĐŽŶǀŽůƵƟŽŶ
dŽĞǆĂŵŝŶĞǁŚĞƚŚĞƌDϭϬĂŶĚDϭϳĂƌĞůŽĐĂůŝǌĞĚǁŝƚŚŬůŽƚŚŽŝŶƚŚĞŬŝĚŶĞǇ͕ ƚŚĞŝƌ
ƌĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶǁĂƐŝŶǀĞƐƟŐĂƚĞĚ͘<ůŽƚŚŽŵZEĞǆƉƌĞƐƐŝŽŶůĞǀĞůƐǁĞƌĞ
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3
&ŝŐƵƌĞϮͮ ǆƉƌĞƐƐŝŽŶŽĨŬůŽƚŚŽŝŶD<ĐĞůůƐ͘(AͿZĞƉƌĞƐĞŶƚĂƟǀĞĐŽŶĨŽĐĂůŝŵĂŐŝŶŐĮŐƵƌĞƐĚĞŵŽŶƐƚƌĂƚĞĚ
klotho presence at both the apical and basolateral cell membrane. Klotho (green) expression colocalized 
ǁŝƚŚ ƚŚĞďĂƐŽůĂƚĞƌĂůŵĂƌŬĞƌ ͲĐĂĚŚĞƌŝŶ ;ƌĞĚ͕ yz ĂŶĚy ƐĐĂŶƐ͕ ƐĐĂůĞ ďĂƌ ƌĞƉƌĞƐĞŶƚƐ ϭϬʅŵͿ͘ ;B) The 
ŝŶƚĞŶƐŝƚǇ ƉƌŽĮůĞ ŽĨ ƚŚĞ ůŝŶĞ Ͳ ĂĐƌŽƐƐ ƚŚĞ ĂƉŝĐĂů ĂŶĚ ďĂƐŽůĂƚĞƌĂů ŵĞŵďƌĂŶĞ ƐŚŽǁĞĚ ƚŚĞ ŚŝŐŚĞƐƚ
ŝŶƚĞŶƐŝƚǇŽĨŬůŽƚŚŽͲ'&WŽŶƚŚĞĂƉŝĐĂůƉůĂƐŵĂŵĞŵďƌĂŶĞ͘͘h͘ŝƐĂƌďŝƚƌĂƌǇƵŶŝƚƐ͘;CͿŚŝŐŚĞƌĂďƵŶĚĂŶĐĞ
ŽĨĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽĂŶĚ<>ϭ;ůĞŌͿĂŶĚ<>Ϯ;ƌŝŐŚƚͿĨƌĂŐŵĞŶƚƐǁĂƐƉƌĞƐĞŶƚŽŶƚŚĞĂƉŝĐĂůƐŝĚĞ͘/ŶƚŚĞůĞŌ
ŝŵŵƵŶŽďůŽƚ͕ ĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽĂŶĚ<>ϭǁĞƌĞĚĞƚĞĐƚĞĚǁŝƚŚƚŚĞ<>ϭĂŶƟďŽĚǇ͘dŚĞƌŝŐŚƚ ŝŵŵƵŶŽďůŽƚ
ƐŚŽǁƐƚŚĞ<>ϮĂŶƟďŽĚǇĚŝƌĞĐƚĞĚĂŐĂŝŶƐƚƚŚĞĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽĂŶĚƚŚĞ<>ϮĨƌĂŐŵĞŶƚ͘D<ƌĞƉƌĞƐĞŶƚƐ
ŵĞĚŝĂĨƌŽŵƵŶƚƌĂŶƐĨĞĐƚĞĚD<ĐĞůůƐ͕ĂŶĚŬůŽƚŚŽĐŽƌƌĞƐƉŽŶĚƐƚŽŵĞĚŝĂĨƌŽŵD<ŬůŽƚŚŽͲ'&WĐĞůůƐ͘
dŚĞŝŵŵƵŶŽďůŽƚƐƐŚŽǁŶĂƌĞƌĞƉƌĞƐĞŶƚĂƟǀĞŽĨƚŚƌĞĞŝŶĚĞƉĞŶĚĞŶƚĞǆƉĞƌŝŵĞŶƚƐ͘
ƐŝŐŶŝĮĐĂŶƚůǇ ĞŶƌŝĐŚĞĚ ŝŶ '&WͲƐĞůĞĐƚĞĚ d ĂŶĚ Ed ƚƵďƵůĞƐ ĂƐ ĐŽŵƉĂƌĞĚ ƚŽ ǁŚŽůĞ
ŬŝĚŶĞǇ;&ŝŐƵƌĞϯĂͿ͘dŚŝƐǁĂƐĂůƐŽƚŚĞĐĂƐĞĨŽƌDϭϳ͕ǁŚŝůĞDϭϬŵZEǁĂƐŶŽƚ
ƐŝŐŶŝĮĐĂŶƚůǇĞŶƌŝĐŚĞĚŝŶdŽƌEdƚƵďƵůĞƐ͘ƐĂŶĞŐĂƟǀĞĐŽŶƚƌŽů͕ƚŚĞƉƌŽǆŝŵĂůŵĂƌŬĞƌ
ƌĞĂƐƚĂŶĐĞƌZĞƐŝƐƚĂŶĐĞWƌŽƚĞŝŶ;ZWͿǁĂƐƐŝŐŶŝĮĐĂŶƚůǇůŽǁĞƌŝŶƚŚĞŝƐŽůĂƚĞĚdŽƌ
CNT tubules, compared to whole kidney. 
In vitro ADAM/MMP treatment decreased klotho shedding
dŚĞ ĞīĞĐƚ ŽĨ DͬDDW ŝŶŚŝďŝƟŽŶ ŽŶ ŬůŽƚŚŽ ƐŚĞĚĚŝŶŐ ǁĂƐ ĞǆĂŵŝŶĞĚ ŝŶ
,<Ϯϵϯ ŬůŽƚŚŽͲĞǆƉƌĞƐƐŝŶŐ ĐĞůůƐ͘ dǁŽ ĚŝīĞƌĞŶƚ ŝŶŚŝďŝƚŽƌƐ͕ ƚŚĞ DͬDDW
ŝŶŚŝďŝƚŽƌ dE&ϰϴϰ ĂŶĚ ƚŚĞ ŵŽƌĞ ƐƉĞĐŝĮĐ DϭϬ ďůŽĐŬĞƌ '/ϮϱϰϬϮϯy ;ϯϱͿ 
ǁĞƌĞĐŽŵƉĂƌĞĚďǇƐĞŵŝͲƋƵĂŶƟƚĂƟǀĞĂŶĂůǇƐŝƐ;&ŝŐƵƌĞϰĂͲĐͿ͘ŽƚŚŝŶŚŝďŝƚŽƌƐĐŽŵƉĂƌĂďůǇ
decreased total soluble full-length klotho and the KL1 fragment, where only the highest 
ĐŽŶĐĞŶƚƌĂƟŽŶ'/ϮϱϰϬϮϯyƐŝŐŶŝĮĐĂŶƚůǇĚĞĐƌĞĂƐĞĚƚŚĞ<>ϭĨƌĂŐŵĞŶƚ͘EĞŝƚŚĞƌdE&ϰϴϰŶŽƌ
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'/ϮϱϰϬϮϯyƚƌĞĂƚŵĞŶƚĂīĞĐƚĞĚƚŚĞƚŽƚĂůĂŵŽƵŶƚŽĨĐĞůůƵůĂƌŬůŽƚŚŽ;&ŝŐƵƌĞϰĂĂŶĚĚ͕ůŽǁĞƌ
ŝŵŵƵŶŽďůŽƚͿ͘^ƵďƐĞƋƵĞŶƚůǇ͕ ĂĚŽƐĞͲĚĞƉĞŶĚĞŶƚŝŶŚŝďŝƟŽŶďǇƚŚĞŵŽƌĞŐĞŶĞƌĂůŝŶŚŝďŝƚŽƌ
dE&ϰϴϰǁĂƐŽďƐĞƌǀĞĚ͕ǁŚŝĐŚƌĞƐƵůƚĞĚŝŶĂŶ/50ŽĨϬ͘ϯʅDdE&ϰϴϰĨŽƌƚŽƚĂůƐŽůƵďůĞĨƵůůͲ
length klotho (Figure 4e). Furthermore, TNF484 dose-dependently reduced the shedding 
ŽĨƚŚĞƐŽůƵďůĞ<>ϭĨƌĂŐŵĞŶƚ͕ǁŚŝĐŚƌĞƉƌĞƐĞŶƚƐƚŚĞɴͲĐƵƚ;&ŝŐƵƌĞϰĚͿ͘,ŽǁĞǀĞƌ͕ ƚŚŝƐǁĂƐƚŽ
ĂůĞƐƐĞƌĞǆƚĞŶƚĐŽŵƉĂƌĞĚƚŽƚŚĞĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽ͘^ĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶǁŝƚŚŶŽŶͲůŝŶĞĂƌ
ƌĞŐƌĞƐƐŝŽŶƌĞǀĞĂůĞĚĂŶƵŶƐĂƚƵƌĂƚĞĚĚŽƐĞͲƌĞƐƉŽŶƐĞĐƵƌǀĞĨŽƌ<>ϭ͕ĂŶĚƚŚĞƌĞĨŽƌĞƚŚĞ/50 
could not be calculated (Figure 4f). 
dE&ϰϴϰƚƌĞĂƚŵĞŶƚĚŝĚŶŽƚĂīĞĐƚƵƌŝŶĂƌǇŬůŽƚŚŽĞǆƉƌĞƐƐŝŽŶin vivo
dŽ ĚĞƚĞƌŵŝŶĞ ƚŚĞ ĞīĞĐƚƐ ŽĨ DͬDDW ŝŶŚŝďŝƟŽŶ ŽŶ ŬůŽƚŚŽ ƐŚĞĚĚŝŶŐ ŝŶ ǀŝǀŽ, mice 
ǁĞƌĞĂĚŵŝŶŝƐƚĞƌĞĚdE&ϰϴϰŽƌW^ĂŶĚǁĞƌĞ ĐŚĂƌĂĐƚĞƌŝǌĞĚĂŌĞƌϮϰŚŽƵƌƐ͘EŽĞīĞĐƚƐ
of TNF484 on body weight, diuresis, or food and water intake were observed (Table 2). 
Table  2 | ŚĂƌĂĐƚĞƌŝƐƟĐƐŽĨĐŽŶƚƌŽůĂŶĚdE&ϰϴϰͲƚƌĞĂƚĞĚŵŝĐĞ͘
Control TNF484
ŽĚǇǁĞŝŐŚƚ;ŐͿ 24.1±0.4 23.8±0.3
Food intake (g/24h) 3.8±0.3 4.0±0.2
tĂƚĞƌŝŶƚĂŬĞ;ŵůͬϮϰŚͿ 3.5±0.3 3.6±0.4
Diuresis (ml/24h) 0.8±0.1 0.8±0.1
īĞĐƚƐŽĨϮϰͲŚŽƵƌƚƌĞĂƚŵĞŶƚǁŝƚŚϮϬŵŐdE&ϰϴϰͬŬŐďŽĚǇǁĞŝŐŚƚŽƌƉŚŽƐƉŚĂƚĞͲďƵīĞƌĞĚƐĂůŝŶĞ;ĐŽŶƚƌŽůͿ
on body weight, food and water intake, and diuresis in mice (mean ± S.E.M. of at least nine mice).
&ŝŐƵƌĞ ϯ ͮ ǆƉƌĞƐƐŝŽŶ ŽĨ ŬůŽƚŚŽ ǁŝƚŚ DϭϬ ĂŶĚ Dϭϳ. (A+BͿ ǆƉƌĞƐƐŝŽŶ ůĞǀĞůƐ ŽĨ DϭϬ͕
Dϭϳ͕ŬůŽƚŚŽĂŶĚZWŵZEŝŶKW^ͲƐĞůĞĐƚĞĚŵŽƵƐĞd;A) and CNT (BͿŬŝĚŶĞǇƚƵďƵůĞƐ͘tŚŝƚĞ
ďĂƌƐƌĞƉƌĞƐĞŶƚǁŚŽůĞŬŝĚŶĞǇĂŶĚďůĂĐŬďĂƌƐƌĞƉƌĞƐĞŶƚƐĞůĞĐƚĞĚƚƵďƵůĞƐďĂƐĞĚŽŶ'&WĞŶƌŝĐŚŵĞŶƚ͘ŽƚŚ
ŬůŽƚŚŽĂŶĚDϭϳĞǆƉƌĞƐƐŝŽŶǁĞƌĞƐŝŐŶŝĮĐĂŶƚůǇŝŶĐƌĞĂƐĞĚŝŶdĂŶĚEdĐŽŵƉĂƌĞĚƚŽǁŚŽůĞŬŝĚŶĞǇ
ƐĂŵƉůĞƐ͕ǁŚŝůĞDϭϬǁĂƐŶŽƚ ĞŶƌŝĐŚĞĚ͘ dŚĞƉƌŽǆŝŵĂůŵĂƌŬĞƌZWǁĂƐ ƐŝŐŶŝĮĐĂŶƚůǇ ůŽǁĞƌ ŝŶďŽƚŚ
DCT and CNT tubules. Data represent the mean ± S.E.M. of at least four mice and are expressed as fold 
ĚŝīĞƌĞŶĐĞĐŽŵƉĂƌĞĚƚŽŶŽŶͲƐĞůĞĐƚĞĚƚƵďƵůĞƐ͘ΎWфϬ͘Ϭϱ͘
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&ŝŐƵƌĞϰͮDͬDDWŝŶŚŝďŝƟŽŶĂīĞĐƚƐŬůŽƚŚŽƐŚĞĚĚŝŶŐŝŶǀŝƚƌŽ͘(A) Comparison of klotho shedding 
ŝŶŚŝďŝƟŽŶĞīĞĐƚďĞƚǁĞĞŶdE&ϰϴϰ;dE&ͿĂŶĚ'/ϮϱϰϬϮϯy;'/ϮϱͿ͘ŽƚŚŝŶŚŝďŝƚŽƌƐĚĞĐƌĞĂƐĞĚƚŽƚĂůŬůŽƚŚŽ
ƐŚĞĚĚŝŶŐŝŶĂĐŽŵƉĂƌĂďůĞŵĂŶŶĞƌ;ƵƉƉĞƌŝŵŵƵŶŽďůŽƚ͖ĂŶƟͲŬůŽƚŚŽZΘͿ͕ǁŚŝůĞƚŽƚĂůĂŵŽƵŶƚŽĨĐĞůůƵůĂƌ
ŬůŽƚŚŽ ;ůŽǁĞƌ ŝŵŵƵŶŽďůŽƚͿ ǁĂƐ ŶŽƚ ĂůƚĞƌĞĚ͘ dŚĞ ŝŵŵƵŶŽďůŽƚƐ ƐŚŽǁŶ ĂƌĞ ƌĞƉƌĞƐĞŶƚĂƟǀĞ ĨŽƌ ƚŚƌĞĞ
independent experiments. (B-CͿ^ĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶŽĨĐůĞĂǀĞĚĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽ;B) and KL1 (C) from 
,<ϮϵϯĐĞůůƐƚƌĞĂƚĞĚǁŝƚŚĞŝƚŚĞƌdE&ϰϴϰ;ǁŚŝƚĞďĂƌƐͿŽƌ'/ϮϱϰϬϮϯy;ďůĂĐŬďĂƌƐͿ͕ĐŽŵƉĂƌĞĚƚŽƵŶƚƌĞĂƚĞĚ
cells. Data is shown as mean ± S.E.M. of three independent experiments. *P<0.05 compared to 1 and 10 
ʅŵŽůͬ>'/ϮϱϰϬϮϯy;D) Shedding of total full-length klotho and, to a lesser extent, the KL1 fragment was 
ĚŽƐĞͲĚĞƉĞŶĚĞŶƚůǇĚĞĐƌĞĂƐĞĚƵƉŽŶDͬDDWŝŶŚŝďŝƟŽŶ;ƵƉƉĞƌŝŵŵƵŶŽďůŽƚ͖ĂŶƟͲ<>ϭƌ͘ D<ƵƌŽͲŽͿ͕
ǁŚĞƌĞĂƐdE&ϰϴϰƚƌĞĂƚŵĞŶƚĚŝĚŶŽƚĂīĞĐƚƚŚĞƚŽƚĂůĂŵŽƵŶƚŽĨĐĞůůƵůĂƌŬůŽƚŚŽ;ůŽǁĞƌŝŵŵƵŶŽďůŽƚͿ͘;E-F) 
^ĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶŽĨĐůĞĂǀĞĚĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽ;E) and KL1 (FͿĨƌŽŵ,<ϮϵϯĐĞůůƐƚƌĞĂƚĞĚǁŝƚŚĚŝīĞƌĞŶƚ
dE&ϰϴϰĐŽŶĐĞŶƚƌĂƟŽŶƐ͕ĐŽŵƉĂƌĞĚƚŽƵŶƚƌĞĂƚĞĚĐĞůůƐ;ϬʅDdE&ϰϴϰͿ͘ĂƚĂǁĞƌĞĮƩĞĚƵƐŝŶŐŶŽŶͲůŝŶĞĂƌ
ƌĞŐƌĞƐƐŝŽŶĂŶĂůǇƐŝƐ͕ƌĞƐƵůƟŶŐ ŝŶĂŶ/50 ŽĨϬ͘ϯʅDdE&ϰϴϰĨŽƌĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽ͘ĂƚĂ ŝƐƐŚŽǁŶĂƐƚŚĞ
mean ± S.E.M. of three independent experiments.
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dŽ ĞƐƚĂďůŝƐŚ ǁŚĞƚŚĞƌ dE&ϰϴϰ ŝŶŇƵĞŶĐĞĚ ƵƌŝŶĂƌǇ ĞǆĐƌĞƟŽŶ ŽĨ ƐŽůƵďůĞ ŬůŽƚŚŽ ůĞǀĞůƐ͕
ŬůŽƚŚŽ ǁĂƐ ĚĞƚĞĐƚĞĚ ďǇ ŝŵŵƵŶŽďůŽƫŶŐ͘ EŽ ĚŝīĞƌĞŶĐĞƐ ŝŶ ƵƌŝŶĂƌǇ ŬůŽƚŚŽ ĞǆĐƌĞƟŽŶ
were demonstrated between control and TNF484-treated mice (Figure 5a). Samples 
ĨƌŽŵŬůŽƚŚŽŬŶŽĐŬŽƵƚŵŝĐĞǁĞƌĞƵƐĞĚĂƐĂŶĞŐĂƟǀĞĐŽŶƚƌŽů͘hƌŽŵŽĚƵůŝŶǁĂƐƵƐĞĚĂƐĂŶ
ĞǆƉƌĞƐƐŝŽŶĐŽŶƚƌŽůĨŽƌƵƌŝŶĂƌǇƐĞĐƌĞƚĞĚƉƌŽƚĞŝŶƐ͘ůƚŚŽƵŐŚŬůŽƚŚŽŵZEĞǆƉƌĞƐƐŝŽŶǁĂƐ
ƐůŝŐŚƚůǇ͕ ĂůďĞŝƚƐŝŐŶŝĮĐĂŶƚůǇ͕ ŝŶĐƌĞĂƐĞĚŝŶƚŚĞŬŝĚŶĞǇ͕ ŬůŽƚŚŽƉƌŽƚĞŝŶĂďƵŶĚĂŶĐĞǁĂƐŶŽƚ
ĂůƚĞƌĞĚĂŌĞƌdE&ϰϴϰƚƌĞĂƚŵĞŶƚ;&ŝŐƵƌĞϱďĂŶĚĐͿ͘
hƉƌĞŐƵůĂƚĞĚĞǆƉƌĞƐƐŝŽŶŽĨƉŚŽƐƉŚĂƚĞƚƌĂŶƐƉŽƌƚĞƌƐĂŌĞƌdE&ϰϴϰƚƌĞĂƚŵĞŶƚ
dŽŝĚĞŶƟĨǇƚŚĞŵĞĐŚĂŶŝƐŵƚŚƌŽƵŐŚǁŚŝĐŚDͬDDWŝŶŚŝďŝƟŽŶĂīĞĐƚƐƉŚŽƐƉŚĂƚĞĂŶĚ
ĐĂůĐŝƵŵ ƚƌĂŶƐƉŽƌƚ͕ŵZE ĞǆƉƌĞƐƐŝŽŶ ŽĨ ĚŝīĞƌĞŶƚ ƚƌĂŶƐƉŽƌƚĞƌƐ ĞǆƉƌĞƐƐŝŽŶǁĂƐ ƐůŝŐŚƚůǇ
ŝŶĐƌĞĂƐĞĚŝŶƚŚĞdE&ϰϴϰͲƚƌĞĂƚĞĚŵŝĐĞ;&ŝŐƵƌĞϲĂͿ͘ǆƉƌĞƐƐŝŽŶŽĨEĂWŝͲ//ĂĂŶĚƚŚĞƚǇƉĞ///
sodium-dependent phosphate cotransporters Pit1 and Pit2 was not changed upon TNF484 
ƚƌĞĂƚŵĞŶƚ͘ /Ŷ ƚŚĞĚƵŽĚĞŶƵŵWŝƚϭĂŶĚWŝƚϮǁĞƌĞ ƐŝŐŶŝĮĐĂŶƚůǇ ŝŶĐƌĞĂƐĞĚ ;&ŝŐƵƌĞϲďͿ͘tŝƚŚ
ƌĞŐĂƌĚƚŽƚŚĞĐĂůĐŝŽƚƌŽƉŝĐŐĞŶĞƐ͕ƚŚĞƌĞǁĂƐŶŽĚŝīĞƌĞŶĐĞĨŽƌdZWsϱ;&ŝŐƵƌĞϲĐͿ͕ĐĂůďŝŶĚŝŶͲ9k 
;ĂW9K) or calbindin-D28KŵZEĞǆƉƌĞƐƐŝŽŶ;ĚĂƚĂŶŽƚƐŚŽǁŶͿ͕ĂůƚŚŽƵŐŚŝŶƚŚĞĚƵŽĚĞŶƵŵ
ďŽƚŚdZWsϲĂŶĚĂW9K expression were increased (Figure 6d). The renal protein expression 
ŽĨEĂWŝͲ//Ă ĂŶĚEĂWŝͲ//ĐǁĂƐŶŽƚ ƐŝŐŶŝĮĐĂŶƚůǇ ĚŝīĞƌĞŶƚ ďĞƚǁĞĞŶ ƚŚĞ ĐŽŶƚƌŽů ĂŶĚ dE&ϰϴϰͲ
ƚƌĞĂƚĞĚŐƌŽƵƉ;&ŝŐƵƌĞϲĞͿ͘KĨŶŽƚĞ͕dE&ϰϴϰƚƌĞĂƚŵĞŶƚĚŝĚŶŽƚĂīĞĐƚŵZEĞǆƉƌĞƐƐŝŽŶůĞǀĞůƐ
ŽĨDϭϬĂŶĚDϭϳŝŶŬŝĚŶĞǇŽƌĚƵŽĚĞŶƵŵ;ĚĂƚĂŶŽƚƐŚŽǁŶͿ͘
&ŝŐƵƌĞϱͮdŚĞĞīĞĐƚŽĨdE&ϰϴϰƚƌĞĂƚŵĞŶƚŽŶƵƌŝŶĂƌǇƐŽůƵďůĞŬůŽƚŚŽ͕ƌĞŶĂůŬůŽƚŚŽŵZEĂŶĚƉƌŽƚĞŝŶ
ĞǆƉƌĞƐƐŝŽŶ in vivo͘ (AͿ /ŵŵƵŶŽďůŽƚŽĨĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽ;ƵƉƉĞƌďůŽƚͿŽƌƵƌŽŵŽĚƵůŝŶ;ůŽǁĞƌďůŽƚͿ ŝŶƵƌŝŶĞ
ƐĂŵƉůĞƐŽĨĐŽŶƚƌŽůĂŶĚdE&ϰϴϰͲƚƌĞĂƚĞĚŵŝĐĞ͘<KƐƚĂŶĚƐĨŽƌƵƌŝŶĞĨƌŽŵĂŬůŽƚŚŽŬŶŽĐŬŽƵƚŵŽƵƐĞ͘ŌĞƌƐĞŵŝͲ
ƋƵĂŶƟĮĐĂƟŽŶ͕ŶŽƐŝŐŶŝĮĐĂŶƚĚŝīĞƌĞŶĐĞƐǁĞƌĞŽďƐĞƌǀĞĚďĞƚǁĞĞŶŐƌŽƵƉƐ͘;BͿ&ŽůĚŽǀĞƌŵZEĞǆƉƌĞƐƐŝŽŶůĞǀĞůƐ
ŽĨŬůŽƚŚŽ ŝŶĐŽŶƚƌŽůŵŝĐĞ;ŶсϭϬͿĂŶĚdE&ϰϴϰͲƚƌĞĂƚĞĚŵŝĐĞ;ŶсϵͿ͘ZĞŶĂůŬůŽƚŚŽĞǆƉƌĞƐƐŝŽŶǁĂƐƐŝŐŶŝĮĐĂŶƚůǇ
enhanced (*P<0.05) in TNF484-treated mice. (CͿ/ŵŵƵŶŽďůŽƚĂŶĂůǇƐŝƐŽĨĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽŝŶŬŝĚŶĞǇƐĂŵƉůĞƐ
ŽĨĐŽŶƚƌŽůŽƌdE&ϰϴϰͲƚƌĞĂƚĞĚŵŝĐĞ;ƵƉƉĞƌŝŵŵƵŶŽďůŽƚͿ͘>ŽǁĞƌŝŵŵƵŶŽďůŽƚƐŚŽǁƐŝŶƉƵƚĐŽŶƚƌŽůŽĨďĞƚĂͲĂĐƟŶ͘
ŌĞƌ ƐĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶ ĂŶĚ ĐŽƌƌĞĐƟŽŶ ĨŽƌ ďĞƚĂͲĂĐƟŶ͕ ŶŽ ƐŝŐŶŝĮĐĂŶƚ ĚŝīĞƌĞŶĐĞƐ ǁĞƌĞ ƉƌĞƐĞŶƚ ďĞƚǁĞĞŶ
ŐƌŽƵƉƐ͘ĂƌƐƌĞƉƌĞƐĞŶƚŵĞĂŶц^͘͘D͘ŽĨĐŽŶƚƌŽů;ǁŚŝƚĞďĂƌƐͿĐŽŵƉĂƌĞĚƚŽdE&ϰϴϰͲƚƌĞĂƚĞĚŵŝĐĞ;ďůĂĐŬďĂƌƐͿ͘
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TNF484 treatment decreased serum phosphate in vivo 
/Ŷ ŽƌĚĞƌ ƚŽ ŝŶǀĞƐƟŐĂƚĞ ǁŚĞƚŚĞƌ dE&ϰϴϰ ƚƌĞĂƚŵĞŶƚ ĂīĞĐƚĞĚ ƉŚŽƐƉŚĂƚĞ ĂŶĚ ĐĂůĐŝƵŵ
homeostasis, serum and urinary phosphate and calcium levels were measured. 
/ŶƚĞƌĞƐƟŶŐůǇ͕ dE&ϰϴϰͲƚƌĞĂƚĞĚŵŝĐĞƐŚŽǁĞĚĂƐŝŐŶŝĮĐĂŶƚĚĞĐƌĞĂƐĞ ŝŶƐĞƌƵŵƉŚŽƐƉŚĂƚĞ
ůĞǀĞůƐ ĐŽŵƉĂƌĞĚ ƚŽ ĐŽŶƚƌŽů ŵŝĐĞ ;&ŝŐƵƌĞ ϳĂͿ͘ ,ŽǁĞǀĞƌ͕  ƵƌŝŶĂƌǇ ƉŚŽƐƉŚĂƚĞ ĞǆĐƌĞƟŽŶ͕
ƐĞƌƵŵĐĂůĐŝƵŵůĞǀĞůƐŽƌƵƌŝŶĂƌǇĐĂůĐŝƵŵĞǆĐƌĞƟŽŶǁĞƌĞŶŽƚĂīĞĐƚĞĚďǇdE&ϰϴϰƚƌĞĂƚŵĞŶƚ
;&ŝŐƵƌĞϳďͲĚͿ͘ dŽĚĞƚĞƌŵŝŶĞǁŚĞƚŚĞƌDͬDDW ŝŶŚŝďŝƟŽŶ ŝŶŇƵĞŶĐĞĚ ƌĞŶĂů ǀŝƚĂŵŝŶ
ƐǇŶƚŚĞƐŝƐ͕ƚŚĞŵZEĞǆƉƌĞƐƐŝŽŶůĞǀĞůƐŽĨǇƉϮϳďϭĂŶĚǇƉϮϰĂϭǁĞƌĞŵĞĂƐƵƌĞĚ͘Ɛ
ƐŚŽǁŶŝŶ&ŝŐƵƌĞϴĂ͕ĂϮͲĨŽůĚŝŶĐƌĞĂƐĞŽĨǇƉϮϳďϭŵZEĞǆƉƌĞƐƐŝŽŶǁĂƐŽďƐĞƌǀĞĚŝŶƚŚĞ
dE&ϰϴϰͲƚƌĞĂƚĞĚŐƌŽƵƉ͕ǁŚŝůĞŶŽƐŝŐŶŝĮĐĂŶƚĚŝīĞƌĞŶĐĞŝŶŵZEĞǆƉƌĞƐƐŝŽŶǁĂƐĚĞƚĞĐƚĞĚ
ĨŽƌ ǇƉϮϰĂϭ͘ /Ŷ ĐŽŶƚƌĂƐƚ͕ ŶŽ ĚŝīĞƌĞŶĐĞ ǁĂƐ ĚĞŵŽŶƐƚƌĂƚĞĚ ŝŶ ƐǇƐƚĞŵŝĐ ϭ͕Ϯϱ;K,Ϳ2D3, 
ƉĂƌĂƚŚǇƌŽŝĚŚŽƌŵŽŶĞ;Wd,ͿŽƌ&'&ϮϯůĞǀĞůƐďĞƚǁĞĞŶĐŽŶƚƌŽůĂŶĚdE&ϰϴϰͲƚƌĞĂƚĞĚŵŝĐĞ
;&ŝŐƵƌĞ ϴďͲĚͿ͘ /Ŷ ĂĚĚŝƟŽŶ͕ ƉŚŽƐƉŚŽƌǇůĂƚĞĚ Z<ϭͬϮ ŝŶ ƚŚĞ ŬŝĚŶĞǇǁĂƐŶŽƚ ƐŝŐŶŝĮĐĂŶƚůǇ
ĂīĞĐƚĞĚďǇdE&ϰϴϰƚƌĞĂƚŵĞŶƚ;&ŝŐƵƌĞϴĞͿ͘
&ŝŐƵƌĞϲͮīĞĐƚŽĨdE&ϰϴϰƚƌĞĂƚŵĞŶƚŽŶĞǆƉƌĞƐƐŝŽŶůĞǀĞůƐŽĨǀĂƌŝŽƵƐƉŚŽƐƉŚĂƚĞĂŶĚĐĂůĐŝƵŵͲƌĞůĂƚĞĚ
ŐĞŶĞƐŝŶƚŚĞŬŝĚŶĞǇĂŶĚĚƵŽĚĞŶƵŵ͘(AͿ&ŽůĚŽǀĞƌŵZEĞǆƉƌĞƐƐŝŽŶůĞǀĞůƐŝŶĐŽŶƚƌŽůŵŝĐĞ;ǁŚŝƚĞďĂƌƐͿ
ĂŶĚdE&ϰϴϰͲƚƌĞĂƚĞĚŵŝĐĞ;ďůĂĐŬďĂƌƐͿ͘EĂWŝͲ//ĐǁĂƐƐŝŐŶŝĮĐĂŶƚůǇŝŶĐƌĞĂƐĞĚŝŶƚŚĞdE&ϰϴϰͲƚƌĞĂƚĞĚŵŝĐĞ
ĐŽŵƉĂƌĞĚƚŽĐŽŶƚƌŽůƐ͕ǁŚĞƌĞĂƐEĂWŝͲ//Ă͕WŝƚϭĂŶĚWŝƚϮƌĞŵĂŝŶĞĚƵŶĂůƚĞƌĞĚŝŶƚŚĞŬŝĚŶĞǇ͘;B) Fold over 
ŵZE ĞǆƉƌĞƐƐŝŽŶ ůĞǀĞůƐ ŽĨ ĚƵŽĚĞŶĂů ƉŚŽƐƉŚĂƚĞ ƚƌĂŶƐƉŽƌƚĞƌƐ Wŝƚϭ ĂŶĚ WŝƚϮ͘ ŽƚŚ ǁĞƌĞ ƐŝŐŶŝĮĐĂŶƚůǇ
upregulated in TNF484-treated mice. (CͿdŚĞƌĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶůĞǀĞůŽĨĐĂůĐŝƵŵƚƌĂŶƐƉŽƌƚĞƌdZWsϱ
ǁĂƐ ƵŶĂůƚĞƌĞĚ ĂŌĞƌ dE&ϰϴϰ ƚƌĞĂƚŵĞŶƚ͘ ;DͿ &ŽůĚ ŽǀĞƌŵZE ĞǆƉƌĞƐƐŝŽŶ ůĞǀĞůƐ ŽĨ ĚƵŽĚĞŶĂů ĐĂůĐŝƵŵ
ƚƌĂŶƐƉŽƌƚĞƌdZWsϲĂŶĚ ĐĂůĐŝƵŵͲďŝŶĚŝŶŐƉƌŽƚĞŝŶĂW9k͘ ŽƚŚǁĞƌĞ ƐŝŐŶŝĮĐĂŶƚůǇ ŝŶĐƌĞĂƐĞĚ ŝŶdE&ϰϴϰͲ
treated mice compared to controls. (EͿ/ŵŵƵŶŽďůŽƚŽĨEĂWŝͲ//Ă͕EĂWŝͲ//ĐĂŶĚEĂ͕<ͲdWĂƐĞĞǆƉƌĞƐƐŝŽŶŝŶ
ƉƵƌŝĮĞĚƌĞŶĂůŵĞŵďƌĂŶĞĨƌĂĐƟŽŶƐ͘/ŵŵƵŶŽďůŽƚƐǁĞƌĞƐĞŵŝͲƋƵĂŶƟĮĞĚĂŶĚĐŽƌƌĞĐƚĞĚĨŽƌEĂ͕<ͲdWĂƐĞ͕
ĂŶĚƚŚĞƌĞǁĂƐŶŽƐŝŐŶŝĮĐĂŶƚĚŝīĞƌĞŶĐĞďĞƚǁĞĞŶƚŚĞƚǁŽŐƌŽƵƉƐĨŽƌEĂWŝͲ//ĂĂŶĚEĂWŝͲ//Đ͘ŽŽŵĂƐƐŝĞ
blue staining was used as loading control. Data represent means ± S.E.M. of at least nine mice, *P<0.05.
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&ŝŐƵƌĞϳͮ dŚĞĞīĞĐƚŽĨdE&ϰϴϰƚƌĞĂƚŵĞŶƚŽŶƉŚŽƐƉŚĂƚĞĂŶĚĐĂůĐŝƵŵŚŽŵĞŽƐƚĂƐŝƐŝŶǀŝǀŽ͘Compared to 
ĐŽŶƚƌŽůŵŝĐĞ;ǁŚŝƚĞďĂƌƐͿ͕DͬDDWŝŶŚŝďŝƟŽŶ;ďůĂĐŬďĂƌƐͿƐŝŐŶŝĮĐĂŶƚůǇƌĞĚƵĐĞĚƐĞƌƵŵƉŚŽƐƉŚĂƚĞůĞǀĞůƐ
(AͿ͕ďƵƚĚŝĚŶŽƚĂīĞĐƚƵƌŝŶĂƌǇƉŚŽƐƉŚĂƚĞĞǆĐƌĞƟŽŶ;B), serum calcium (CͿŽƌƵƌŝŶĂƌǇĐĂůĐŝƵŵĞǆĐƌĞƟŽŶ;D) 
ĂŌĞƌϮϰŚŽƵƌƐ͘ĂƚĂƌĞƉƌĞƐĞŶƚŵĞĂŶƐц^͘͘D͘ŽĨĂƚůĞĂƐƚŶŝŶĞŵŝĐĞ͕ΎWфϬ͘Ϭϱ͘
&ŝŐƵƌĞ ϴ ͮ īĞĐƚƐ ŽĨ dE&ϰϴϰ ƚƌĞĂƚŵĞŶƚ ŽŶ ĞŶĚŽĐƌŝŶĞ ƌĞŐƵůĂƚŽƌǇ ŚŽƌŵŽŶĞƐ͘ (AͿ &ŽůĚ ŽǀĞƌ ŵZE
expression levels for Cyp27b1 and Cyp24a1, enzymes involved in 1,25(OH)2D3ƉƌŽĚƵĐƟŽŶĂŶĚďƌĞĂŬĚŽǁŶ
ƌĞƐƉĞĐƟǀĞůǇ͕ ƐŚŽǁŝŶŐĂƐŝŐŶŝĮĐĂŶƚŝŶĐƌĞĂƐĞĨŽƌǇƉϮϳďϭŝŶƚŚĞdE&ϰϴϰͲƚƌĞĂƚĞĚŵŝĐĞ͘EŽĚŝīĞƌĞŶĐĞƐǁĞƌĞ
found in systemic 1,25(OH)2D3 (B), PTH (CͿ ĂŶĚ&'&Ϯϯ ;D) between controls (white bars) compared to 
TNF484-treated mice (black bars). (EͿ/ŵŵƵŶŽďůŽƚŽĨZ<ϭͬϮƉŚŽƐƉŚŽƌǇůĂƟŽŶ;ƵƉƉĞƌŝŵŵƵŶŽďůŽƚͿĂŶĚ
ƚŽƚĂůZ<ϭͬϮ;ůŽǁĞƌŝŵŵƵŶŽďůŽƚͿŝŶŬŝĚŶĞǇůǇƐĂƚĞƐĨƌŽŵĐŽŶƚƌŽůĂŶĚdE&ϰϴϰͲƚƌĞĂƚĞĚŵŝĐĞ͘/ŵŵƵŶŽďůŽƚƐ
ǁĞƌĞƐĞŵŝͲƋƵĂŶƟĮĞĚĂŶĚĐŽƌƌĞĐƚĞĚĨŽƌƚŽƚĂůZ<ϭͬϮĞǆƉƌĞƐƐŝŽŶ͘dŚĞƌĞǁĂƐŶŽƐŝŐŶŝĮĐĂŶƚĚŝīĞƌĞŶĐĞĨŽƌ
Z<ϭͬϮƉŚŽƐƉŚŽƌǇůĂƟŽŶďĞƚǁĞĞŶŐƌŽƵƉƐ͘ĂƌƐƌĞƉƌĞƐĞŶƚŵĞĂŶƐц^͘͘D͘ŽĨĂƚůĞĂƐƚŶŝŶĞŵŝĐĞ͕ΎWфϬ͘Ϭϱ͘
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3
Discussion
This study provides more insight into the cellular klotho expression and molecular 
ƌĞŐƵůĂƟŽŶŽĨŬůŽƚŚŽƐŚĞĚĚŝŶŐ͘/ŶƌĞŶĂůĞƉŝƚŚĞůŝĂůĐĞůůƐ͕ŬůŽƚŚŽǁĂƐƉƌĞƐĞŶƚďŽƚŚĂƚƚŚĞ
apical and basolateral membrane with an increased abundance of soluble klotho in the 
ĂƉŝĐĂůĐŽŵƉĂƌƚŵĞŶƚ͘DŽƌĞŽǀĞƌ͕ ɴͲĐƵƚƐŚĞĚĚŝŶŐŝƐůŝŬĞůǇƉĞƌĨŽƌŵĞĚďǇƉƌŽƚĞĂƐĞƐĚŝīĞƌĞŶƚ
ĨƌŽŵDƐ͘
Our data indicate that klotho localizes at both the apical and basolateral membrane of 
renal epithelial cells with a higher abundance of membrane-bound klotho at the apical 
side. This is in agreement with a previous study, which showed comparable results with 
ŝŵŵƵŶŽŇƵŽƌĞƐĐĞŶƚŝŵĂŐĞƐŝŶŵŝĐĞŬŝĚŶĞǇƐƵƐŝŶŐĂĚŝīĞƌĞŶƚĂŶƟďŽĚǇ;ϵͿ͘ĚĚŝƟŽŶĂůůǇ͕ 
shed klotho protein was more apparent in media collected from the apical compartment. 
This suggests either increased shedding on the apical side or as recently suggested 
by Hu et al., ƚŚĞ ƚƌĂŶƐƉŽƌƚĂƟŽŶŽĨďĂƐŽůĂƚĞƌĂůůǇƐĞĐƌĞƚĞĚŬůŽƚŚŽƚŽ ƚŚĞĂƉŝĐĂů ƐŝĚĞǀŝĂ
transcytosis (36). Previous studies have demonstrated soluble klotho in the pro-urine 
(14), where it alters the plasma membrane expression of several transporters involved 
ŝŶĐĂůĐŝƵŵĂŶĚƉŚŽƐƉŚĂƚĞƌĞŐƵůĂƟŽŶ͕ŝŶĐůƵĚŝŶŐdZWsϱ͕dZWsϲ͕EĂWŝͲ//ĂĂŶĚƌĞŶĂůŽƵƚĞƌ
ŵĞĚƵůůĂƌǇƉŽƚĂƐƐŝƵŵĐŚĂŶŶĞů ;ZKD<Ϳϭ;ϭ͕Ϯ͕ϭϱ͕ϯϳͿ͘ /ŶƚĞƌĞƐƟŶŐůǇ͕ ƐŽůƵďůĞŬůŽƚŚŽ ůĞǀĞůƐ
ǁĞƌĞůŽǁĞƌŝŶďĂƐŽůĂƚĞƌĂůůǇͲĐŽůůĞĐƚĞĚŵĞĚŝĂ͕ƐƵŐŐĞƐƟŶŐŵŝŶŽƌƐŚĞĚĚŝŶŐŽĨŬůŽƚŚŽĂƚƚŚĞ
basolateral side, or as suggested above, transcytosis of soluble klotho to the apical side. 
dŚĞŵĞŵďƌĂŶĞŽĨƚŚĞƉĞƌŵĞĂďůĞĮůƚĞƌƐƵƉƉŽƌƚƐƵƐĞĚŝŶƚŚĞƐĞĞǆƉĞƌŝŵĞŶƚƐŵĂǇŚĂǀĞ
hindered basolateral shedding of klotho. Moreover, the catabolism of soluble klotho 
ŽŶƚŚĞďĂƐŽůĂƚĞƌĂůŽƌĂƉŝĐĂůƐŝĚĞĐŽƵůĚďĞƌĞŐƵůĂƚĞĚ͕ŽƌƚŚĞŵŽĚĞůŝŶŇƵĞŶĐĞƐŬůŽƚŚŽŽƌ
DƉŽůĂƌŝƚǇ͘ŶŽƚŚĞƌĞǆƉůĂŶĂƟŽŶ ĐŽƵůĚďĞ ƚŚĂƚ ƚŚĞ ŝŶƚĞƌĂĐƟŽŶŽĨ ŬůŽƚŚŽǁŝƚŚ ƚŚĞ
&'&ZŽŶƚŚĞďĂƐŽůĂƚĞƌĂůŵĞŵďƌĂŶĞŵĂǇƉƌĞǀĞŶƚƐŚĞĚĚŝŶŐŽĨŬůŽƚŚŽ͘/ŶĂĚĚŝƟŽŶ͕ŽƚŚĞƌ
organs could be a source for systemic soluble klotho, such as brain and the parathyroid 
glands (4,9).
Shedding of membrane-bound proteins, such as klotho, can be performed by proteases 
ůŝŬĞ DϭϬ ĂŶĚ Dϭϳ ;ϭϵͿ͘ DƐ ĂƌĞ ŵĞŵďƌĂŶĞͲďŽƵŶĚ ĞŶǌǇŵĞƐ ĂŶĚ ƚŚƵƐ
ĐŽůŽĐĂůŝǌĂƟŽŶ ǁŝƚŚ ŬůŽƚŚŽ ǁŽƵůĚ ďĞ Ă ƉƌĞƌĞƋƵŝƐŝƚĞ ƚŽ ĞŶĂďůĞ ƉƌŽƚĞŝŶ ĐůĞĂǀĂŐĞ ;ϯϴͿ͘
ŽŶĐĞƌŶŝŶŐDϭϳ͕DƵůĚĞƌet al. ƐŚŽǁĞĚDϭϳƚŽďĞƉƌĞƐĞŶƚŵĂŝŶůǇŝŶƚŚĞĚŝƐƚĂů
ĐŽŶǀŽůƵƟŽŶĂŶĚŝŶƐŵĂůůĂŵŽƵŶƚƐŝŶƉƌŽǆŝŵĂůƚƵďƵůĞƵƐŝŶŐŝŶƐŝƚƵŚǇďƌŝĚŝǌĂƟŽŶŝŶŚƵŵĂŶ
ŬŝĚŶĞǇ;ϯϵͿ͘tĞĐŽŶĮƌŵĞĚƚŚĞƐĞĚĂƚĂŝŶŵŝĐĞ͕ǁŝƚŚĂŶĞŶƌŝĐŚŵĞŶƚŽĨDϭϳŵZEŝŶ
ƚŚĞĚŝƐƚĂůĐŽŶǀŽůƵƟŽŶ͘DϭϬŵZEǁĂƐĞǆƉƌĞƐƐĞĚĂƚďĂƐĂůůĞǀĞůƐ͕ƚŚŽƵŐŚŶŽƚĞŶƌŝĐŚĞĚ
ŝŶƚŚĞĚŝƐƚĂůĐŽŶǀŽůƵƟŽŶ͘dŚŝƐ ŝƐ ŝŶ ůŝŶĞǁŝƚŚĂƉƌĞǀŝŽƵƐƐƚƵĚǇĚĞŵŽŶƐƚƌĂƟŶŐDϭϬ
ĞǆƉƌĞƐƐŝŽŶŝŶƚŚĞĚŝƐƚĂůĐŽŶǀŽůƵƟŽŶĂŶĚƚŚĞĐŽůůĞĐƟŶŐĚƵĐƚ;ϰϬͿ͘ƐďŽƚŚDϭϳĂŶĚ
ŬůŽƚŚŽǁĞƌĞĞŶƌŝĐŚĞĚŝŶƚŚĞĚŝƐƚĂůĐŽŶǀŽůƵƟŽŶ͕ƚŚŝƐƐƵŐŐĞƐƚƐĂŵŽƌĞƉƌŽŵŝŶĞŶƚƌŽůĞĨŽƌ
DϭϳŝŶƌĞŶĂůŬůŽƚŚŽƐŚĞĚĚŝŶŐ͘
/ŶƚŚŝƐƐƚƵĚǇ͕ ǁĞŚĂǀĞƐŚŽǁŶƚŚĞĐĂƉĂďŝůŝƚǇŽĨDͬDDWŝŶŚŝďŝƟŽŶƚŽĚĞĐƌĞĂƐĞŬůŽƚŚŽ
shedding ŝŶ ǀŝƚƌŽ͘ /ŶƚĞƌĞƐƟŶŐůǇ͕  Ă ĚŽƐĞͲĚĞƉĞŶĚĞŶƚ ĞīĞĐƚ ŽĨ ƚŚĞ ŐĞŶĞƌĂů DͬDDW
ŝŶŚŝďŝƚŽƌdE&ϰϴϰĂƐǁĞůůĂƐƚŚĞDϭϬͲƐƉĞĐŝĮĐŝŶŚŝďŝƚŽƌ'/ϮϱϰϬϮϯyǁĂƐŽďƐĞƌǀĞĚŽŶ
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Chapter 3
ƐŚĞĚĚŝŶŐŽĨ ƚŚĞ ĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽƉƌŽƚĞŝŶ͘ŽƚŚ ŝŶŚŝďŝƚŽƌƐĚĞĐƌĞĂƐĞĚŬůŽƚŚŽƐŚĞĚĚŝŶŐ
ŝŶ Ă ƐŝŵŝůĂƌŵĂŶŶĞƌ͕  ŝŵƉůǇŝŶŐ ƚŚĂƚ DϭϬ ĂůŽŶĞ͕ Ăƚ ůĞĂƐƚ ŝŶ ,<Ϯϵϯ ĐĞůůƐ͕ ƉůĂǇƐ ĂŶ
important role in klotho shedding. Previously it has been shown that the pharmacological 
ĐŽŵƉŽƵŶĚdE&ϰϴϰĐŽƵůĚŝŶŚŝďŝƚDϭϳĂŶĚDDWͲϭ͕ͲϮ͕Ͳϯ͕ͲϵĂŶĚͲϭϯŝŶǀŝƚƌŽ(28,30), 
ĂůƚŚŽƵŐŚŝƚŝƐƵŶĐůĞĂƌǁŚĞƚŚĞƌƚŚŝƐďůŽĐŬĞƌĐĂŶĂůƐŽŝŶŚŝďŝƚDϭϬ͘^ŚĞĚĚŝŶŐŽĨƚŚĞ<>ϭ
fragment, however, appeared to be less dependent of both inhibitors, which suggests 
ƚŚĂƚŬůŽƚŚŽŝƐƉƌĞĨĞƌĞŶƟĂůůǇĐůĞĂǀĞĚďǇĂŶŽƚŚĞƌƉƌŽƚĞĂƐĞĂƚƚŚĞɴͲĐƵƚƐŝƚĞ͘ZĞĐĞŶƚůǇ͕ ŚĞŶ
et al.ŚĂǀĞĚŝƐĐŽǀĞƌĞĚƚŚĞĐůĞĂǀĂŐĞƐŝƚĞŽĨƚŚĞɲͲĐƵƚŽĨŬůŽƚŚŽ;ϰϭͿ͘dŚĞĐůĞĂǀĂŐĞƐŝƚĞĨŽƌ
ƚŚĞɴͲĐƵƚŽƌŝƚƐƌĞƐƉŽŶƐŝďůĞƐŚĞĚĚĂƐĞƌĞŵĂŝŶƚŽďĞŝĚĞŶƟĮĞĚ͘
dE&ϰϴϰŚĂƐďĞĞŶƐƵĐĐĞƐƐĨƵůůǇĂƉƉůŝĞĚŝŶĚŝīĞƌĞŶƚŝŶǀŝǀŽ studies, mainly for decreasing 
ŝŶŇĂŵŵĂƚŽƌǇĐǇƚŽŬŝŶĞƐ͕ƐƵĐŚĂƐdE&Ͳɲ;Ϯϵ͕ϯϬͿ͘dŽĂĚĚƌĞƐƐǁŚĞƚŚĞƌdE&ϰϴϰŝƐĂďůĞƚŽĂīĞĐƚ
klotho shedding ŝŶǀŝǀŽ͕ƐŽůƵďůĞŬůŽƚŚŽŝŶƚŚĞƵƌŝŶĞǁĂƐĚĞƚĞĐƚĞĚǀŝĂŝŵŵƵŶŽďůŽƫŶŐ͘
EŽ ĚŝīĞƌĞŶĐĞƐ ǁĞƌĞ ŽďƐĞƌǀĞĚ ŝŶ ƵƌŝŶĂƌǇ ŬůŽƚŚŽ ĂďƵŶĚĂŶĐĞ͕ Žƌ ƌĞŶĂů ŬůŽƚŚŽ ƉƌŽƚĞŝŶ
ĞǆƉƌĞƐƐŝŽŶďĞƚǁĞĞŶƚŚĞƚǁŽŐƌŽƵƉƐ͘ƚƉƌĞƐĞŶƚŝƚŝƐŝŵƉŽƐƐŝďůĞƚŽĚĞƚĞƌŵŝŶĞdE&ϰϴϰͲ
ŝŶĚƵĐĞĚ ĞīĞĐƚƐ ŽŶ ƐǇƐƚĞŵŝĐ ŬůŽƚŚŽ ůĞǀĞůƐ͕ ƐŝŶĐĞ ƚŚĞ ƌĞůŝĂďŝůŝƚǇ ŽĨ ĐƵƌƌĞŶƚůǇ ĂǀĂŝůĂďůĞ
assays to measure systemic klotho levels are controversial (42). Nevertheless, our ŝŶ
ǀŝƚƌŽ ĚĂƚĂ ŝŶĚŝĐĂƚĞ ƚŚĂƚ DͬDDW ŝŶŚŝďŝƟŽŶ ŝŶĚĞĞĚ ŚĂƐ ŬůŽƚŚŽͲĚĞƉĞŶĚĞŶƚ ĞīĞĐƚƐ͘
dŚŝƐĚŝīĞƌĞŶĐĞĐŽƵůĚďĞĞǆƉůĂŝŶĞĚĚƵĞƚŽĂŚŝŐŚĞƌůŽĐĂůĐŽŶĐĞŶƚƌĂƟŽŶŽŶĐĞůůƐŝŶǀŝƚƌŽ 
compared to ŝŶǀŝǀŽ, since TNF484 is rapidly metabolized in serum (43). Moreover, the ŝŶ
ǀŝǀŽƐǇƐƚĞŵŝƐŽďǀŝŽƵƐůǇŵŽƌĞĐŽŵƉůĞǆƚŽĚĞƚĞƌŵŝŶĞƚŚĞĞīĞĐƚŽĨĂƐƉĞĐŝĮĐĐŽŵƉŽƵŶĚ͕
ĂƐ ĐŽŵƉĞŶƐĂƚŽƌǇ ŵĞĐŚĂŶŝƐŵƐ ŵĂǇ ŽĐĐƵƌ͘  /ŶƚĞƌĞƐƟŶŐůǇ͕  ĂŌĞƌ dE&ϰϴϰ ƚƌĞĂƚŵĞŶƚ͕
serum phosphate levels decreased and there was a tendency towards increased urine 
ƉŚŽƐƉŚĂƚĞ ĞǆĐƌĞƟŽŶ͕ ŝŵƉůǇŝŶŐ ƌĞŶĂů ƉŚŽƐƉŚĂƚĞǁĂƐƟŶŐ͘ůƚŚŽƵŐŚ ŝŶĐƌĞĂƐĞĚ ůĞǀĞůƐ ŽĨ
Wd,Žƌ&'&ϮϯǁŽƵůĚďĞĞǆƉĞĐƚĞĚ͕ŶŽĚŝīĞƌĞŶĐĞƐŝŶƐǇƐƚĞŵŝĐůĞǀĞůƐǁĞƌĞĨŽƵŶĚĨŽƌƚŚĞƐĞ
ŚŽƌŵŽŶĞƐ͘DƐĂƌĞŬŶŽǁŶƚŽƐŚĞĚĂƌĂŶŐĞŽĨƉƌŽƚĞŝŶƐ͕ƐŽŬůŽƚŚŽͲŝŶĚĞƉĞŶĚĞŶƚĞīĞĐƚƐ
ĐŽƵůĚĐĂƵƐĞƚŚĞůŽǁĞƌƐĞƌƵŵƉŚŽƐƉŚĂƚĞůĞǀĞů͘hŶƟůŶŽǁ͕ƚŚĞĞīĞĐƚŽĨdE&ϰϴϰƚƌĞĂƚŵĞŶƚ
on phosphate homeostasis ŝŶǀŝǀŽŚĂƐŶŽƚďĞĞŶŝŶǀĞƐƟŐĂƚĞĚ;Ϯϵ͕ϯϬͿ͘DŽƌĞŽǀĞƌ͕ ŵZE
ůĞǀĞůƐŽĨƚŚĞƌĞŶĂůƉŚŽƐƉŚĂƚĞƚƌĂŶƐƉŽƌƚĞƌEĂWŝͲ//Đ͕ĂŶĚĚƵŽĚĞŶĂůƚƌĂŶƐƉŽƌƚĞƌƐWŝƚϭĂŶĚ
WŝƚϮ ǁĞƌĞ ĞůĞǀĂƚĞĚ ŝŶ dE&ϰϴϰͲƚƌĞĂƚĞĚ ŵŝĐĞ͘ dŚŝƐ ĚĂƚĂ ƐƵŐŐĞƐƚƐ ƚŚĂƚ ĐŽŵƉĞŶƐĂƟŽŶ
ŵĞĐŚĂŶŝƐŵƐĨŽƌƚŚĞůŽǁƐĞƌƵŵƉŚŽƐƉŚĂƚĞůĞǀĞůƐŚĂǀĞďĞĞŶŝŶŝƟĂƚĞĚƚŽŝŶĐƌĞĂƐĞƌĞŶĂů
ĂŶĚŝŶƚĞƐƟŶĂůƉŚŽƐƉŚĂƚĞ;ƌĞͿĂďƐŽƌƉƟŽŶ͘/ŶĐŽŶƚƌĂƐƚƚŽƉŚŽƐƉŚĂƚĞ͕ŶŽĞīĞĐƚƐŽĨdE&ϰϴϰ
ǁĞƌĞŽďƐĞƌǀĞĚŽŶĐĂůĐŝƵŵŚŽŵĞŽƐƚĂƐŝƐ͕ĞǆĐĞƉƚĨŽƌĞůĞǀĂƚĞĚĚƵŽĚĞŶĂůdZWsϲĂŶĚĂW9k 
ŵZE ĞǆƉƌĞƐƐŝŽŶ͘ /Ŷ ĂĚĚŝƟŽŶ͕ ŵZE ĞǆƉƌĞƐƐŝŽŶ ŽĨ ƚŚĞ ƌĞŶĂů ǀŝƚĂŵŝŶ  ƉƌŽĚƵĐŝŶŐ
ĞŶǌǇŵĞǇƉϮϳďϭǁĂƐ ŝŶĐƌĞĂƐĞĚ͘ĐŽŶĐŽŵŝƚĂŶƚ ŝŶĐƌĞĂƐĞ ŝŶƐĞƌƵŵϭ͕Ϯϱ;K,Ϳ2D3, levels 
ǁĂƐ͕ŚŽǁĞǀĞƌ͕ ŶŽƚĚĞƚĞĐƚĞĚ͘/ƚĂƉƉĞĂƌƐƚŚĂƚĐŚĂŶŐĞƐŝŶŵZEůĞǀĞůƐŽĨƐĞǀĞƌĂůŝŵƉŽƌƚĂŶƚ
genes tested in the present study were not (yet) translated into measurable metabolic 
ĐŚĂŶŐĞƐ͘īĞĐƚƐŽĨdE&ϰϴϰƚƌĞĂƚŵĞŶƚŽŶďŽŶĞƌĞŵŽĚĞůŝŶŐǁĞƌĞŶŽƚƚĂŬĞŶŝŶƚŽĂĐĐŽƵŶƚ͕
ŐŝǀĞŶƚŚĞƐŚŽƌƚĚƵƌĂƟŽŶŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͘
dŚĞƌĞĂƌĞĚŝīĞƌĞŶƚǁĂǇƐŽĨŝŶŇƵĞŶĐŝŶŐŬůŽƚŚŽƐŚĞĚĚŝŶŐ͕ŝŶĐůƵĚŝŶŐƌĞŐƵůĂƟŽŶďǇD
ƉƌŽƚĞŝŶƐ͘dŚŝƐƚŽƉŝĐ͕ŚŽǁĞǀĞƌ͕  ŝƐƐƟůůƉŽŽƌůǇƵŶĚĞƌƐƚŽŽĚ͘ /ƚƐĞĞŵƐƚŚĂƚƵƉƌĞŐƵůĂƟŽŶŽĨ
DϭϬĂŶĚϭϳŝƐĐŽŶƚƌŽůůĞĚďǇŐƌŽǁƚŚĨĂĐƚŽƌƐĂŶĚƉƌŽͲŝŶŇĂŵŵĂƚŽƌǇĐǇƚŽŬŝŶĞƐ͕ƚŚŽƵŐŚ
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ŵŽƐƚŽĨ ƚŚĞ ƌĞŐƵůĂƟŽŶ ƚĂŬĞƐƉůĂĐĞĂƚ ƚŚĞƉŽƐƚͲƚƌĂŶƐůĂƟŽŶĂů ůĞǀĞů͕ ƐƵĐŚĂƐĐůĞĂǀĂŐĞŽĨ
ƚŚĞƉƌŽͲƉĞƉƟĚĞ;ϰϰ͕ϰϱͿ͘ůƐŽƟƐƐƵĞŝŶŚŝďŝƚŽƌƐŽĨŵĞƚĂůůŽƉƌŽƚĞŝŶĂƐĞƐ;d/DWƐͿĂƌĞĐĞŶƚƌĂů
ƌĞŐƵůĂƚŽƌƐĂƐŶĂƚƵƌĂůŝŶŚŝďŝƚŽƌƐŽĨƚŚĞDƉƌŽƚĞŝŶƐ;ϰϲͿ͘/ƚŚĂƐďĞĞŶƐŚŽǁŶƚŚĂƚƐŽůƵďůĞ
ĨƵůůͲůĞŶŐƚŚ ŬůŽƚŚŽ ŚĂƐ ĚŝīĞƌĞŶƚ ĨƵŶĐƟŽŶƐ ŝŶ ƚŚĞ ďŽĚǇ͕  ƐƵĐŚ ĂƐ ĞůĞĐƚƌŽůǇƚĞ ƚƌĂŶƐƉŽƌƚĞƌ
ŵŽĚŝĮĐĂƟŽŶ ĚĞƐĐƌŝďĞĚ ĂďŽǀĞ͕ ŝŶŚŝďŝƟŽŶ ŽĨ ƚŚĞ tŶƚ ƐŝŐŶĂůŝŶŐ ƉĂƚŚǁĂǇ ;ϰϳͿ ĂŶĚ Ă
ƉŽƐƐŝďůĞ ƉƌŽƚĞĐƟǀĞ ƌŽůĞ ŝŶ ĐĂƌĚŝŽǀĂƐĐƵůĂƌ ĚŝƐĞĂƐĞ ;ϰϴ͕ϰϵͿ͘ dŚĞ ĨƵŶĐƟŽŶ ĂŶĚ ƐŚĞĚĚŝŶŐ
mechanisms of the smaller fragments KL1 and KL2, however, are not known and further 
research is necessary. 
/Ŷ ĐŽŶĐůƵƐŝŽŶ͕ ƚŚŝƐ ƐƚƵĚǇ ƉƌŽǀŝĚĞƐ ĞǀŝĚĞŶĐĞ ƚŚĂƚ DƐ ĂƌĞ ĐĂŶĚŝĚĂƚĞƐ ĨŽƌ ƐŚĞĚĚŝŶŐ
ŽĨ ƌĞŶĂů ĨƵůůͲůĞŶŐƚŚ ŬůŽƚŚŽ ĂŶĚ ƚŚĂƚ ƉƌŽƚĞŝŶƐ ŽƚŚĞƌ ƚŚĂŶ DƐ Žƌ DDWƐ ĂƌĞ ůŝŬĞůǇ
ƌĞƐƉŽŶƐŝďůĞĨŽƌƐŚĞĚĚŝŶŐƚŚĞɴͲĐƵƚƐŝƚĞŽĨŬůŽƚŚŽ͘ƐƐŽůƵďůĞŬůŽƚŚŽŚĂƐŵĂŶǇŝŵƉŽƌƚĂŶƚ
ĨƵŶĐƟŽŶƐ ƚŚƌŽƵŐŚŽƵƚ ƚŚĞ ďŽĚǇ͕  ŝĚĞŶƟĮĐĂƟŽŶ ŽĨ ƚŚĞ ĞŶǌǇŵĞƐ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ƚŚĞ
ƐŚĞĚĚŝŶŐŽĨŬůŽƚŚŽŵĂǇŚĂǀĞƉŽƚĞŶƟĂůƚŚĞƌĂƉĞƵƟĐŽƉƉŽƌƚƵŶŝƟĞƐ͘
ĐŬŶŽǁůĞĚŐĞŵĞŶƚƐ
dŚĞĂƵƚŚŽƌƐŬŝŶĚůǇƚŚĂŶŬDĂŝŬĞů^ĐŚŽŽů͕ĞŶŝƐĞdĂǆ͕ŶŝŬĂ:ŽŶŬĞƌĂŶĚ&ĂƌĞĞďĂ^ŚĞĞĚĨĂƌ
ĨŽƌ ƚĞĐŚŶŝĐĂů ĂƐƐŝƐƚĂŶĐĞ ĂŶĚ &ĞŵŬĞ >ĂƩĂ ĂŶĚ ,ĂŶƐ DĞŝũĞƌ͕  ĨŽƌ ŽƉƟŵŝǌŝŶŐ ƚŚĞ KW^
ƐŽƌƟŶŐ ƐǇƐƚĞŵ͘ dŚĞ ŝŵĂŐŝŶŐ ŽŶ ƚŚĞ &sϭϬϬϬ ĐŽŶĨŽĐĂů ůĂƐĞƌ ƐĐĂŶŶŝŶŐ ŵŝĐƌŽƐĐŽƉĞ ǁĂƐ
ƉĞƌĨŽƌŵĞĚĂƚƚŚĞDŝĐƌŽƐĐŽƉĞ/ŵĂŐŝŶŐĞŶƚƌĞŝŶŽĨƚŚĞZĂĚďŽƵĚƵŶŝǀĞƌƐŝƚǇŵĞĚŝĐĂůĐĞŶƚĞƌ
ŝŶEŝũŵĞŐĞŶ͕dŚĞEĞƚŚĞƌůĂŶĚƐ͘dŚŝƐƐƚƵĚǇǁĂƐĨƵŶĚĞĚďǇĂĐŽŶƐŽƌƟƵŵŐƌĂŶƚŽĨƚŚĞƵƚĐŚ
<ŝĚŶĞǇ&ŽƵŶĚĂƟŽŶ;E/'ZD͕WϭϬ͘ϭϭͿ͘dŚĞE/'ZDĐŽŶƐŽƌƟƵŵĐŽŶƐŝƐƚƐŽĨƚŚĞĨŽůůŽǁŝŶŐ
ƉƌŝŶĐŝƉĂů ŝŶǀĞƐƟŐĂƚŽƌƐ͗ WŝĞƚ ƚĞƌtĞĞ ĂŶĚDĂƌĐsĞƌǀůŽĞƚ ;shhŶŝǀĞƌƐŝƚǇDĞĚŝĐĂů ĞŶƚĞƌ͕ 
ŵƐƚĞƌĚĂŵ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿ͖ZĞŶĠŝŶĚĞůƐĂŶĚ:ŽŽƐƚ,ŽĞŶĚĞƌŽƉ;ZĂĚďŽƵĚhŶŝǀĞƌƐŝƚǇ
DĞĚŝĐĂůĞŶƚĞƌEŝũŵĞŐĞŶ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿ͖ĂŶĚ'ĞƌũĂŶEĂǀŝƐ͕:ĂŶͲ>ƵƵŬ,ŝůůĞďƌĂŶĚƐ͕ĂŶĚ
DĂƌƟŶĚĞŽƌƐƚ;hŶŝǀĞƌƐŝƚǇDĞĚŝĐĂůĞŶƚĞƌ'ƌŽŶŝŶŐĞŶ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿ͘
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Chapter 4
Abstract
ZĞĐĞŶƚŝŶƐŝŐŚƚƐŚĂǀĞŝĚĞŶƟĮĞĚŵŽůĞĐƵůĂƌŵĞĐŚĂŶŝƐŵƐ͕ǁŚŝĐŚĚƌŝǀĞĐŽŵƉůŝĐĂƟŽŶƐƚŚĂƚ
ĂƌĞĂƐƐŽĐŝĂƚĞĚǁŝƚŚĐŚƌŽŶŝĐŬŝĚŶĞǇĚŝƐĞĂƐĞ;<Ϳ͘/ŶƉĂƌƟĐƵůĂƌ<ͲŝŶĚƵĐĞĚĚĞĮĐŝĞŶĐǇŽĨ
the ɲͲklotho (klotho) protein seems of utmost importance, since its expression decreases 
ŝŶƵƌŝŶĞĂŶĚƐĞƌƵŵŝŶĞĂƌůǇƐƚĂŐĞƐŽĨ<͕ǁŚŝůĞďĞŝŶŐƉƌŽƚĞĐƟǀĞĂŐĂŝŶƐƚĂǁŝĚĞƌĂŶŐĞŽĨ
ŵŽƌďŝĚŝƟĞƐ͘ůƚŚŽƵŐŚƐĞǀĞƌĂůĐŽŵŵĞƌĐŝĂůŚƵŵĂŶŬůŽƚŚŽĞŶǌǇŵĞͲůŝŶŬĞĚŝŵŵƵŶŽƐŽƌďĞŶƚ
ĂƐƐĂǇƐ;>/^ͿĂƌĞĂǀĂŝůĂďůĞ͕ƚŚĞŝƌƌĞůŝĂďŝůŝƚǇ ŝƐĐŽŶƚƌŽǀĞƌƐŝĂů͘dŚĞĂŝŵŽĨƚŚŝƐƐƚƵĚǇǁĂƐ
ƚŽ ĚĞǀĞůŽƉ Ă ƌŽďƵƐƚ >/^ ƚŽ ĚĞƚĞĐƚ ŚƵŵĂŶ ŬůŽƚŚŽ͘ dŚĞ ĚĞƐŝŐŶ ŽĨ ƚŚĞ ƚǁŽͲƐŝƚĞ >/^
ĐŽŶƐŝƐƚƐ ŽĨ ƚǁŽ ĂŶƟďŽĚŝĞƐ ĂŐĂŝŶƐƚ ŬůŽƚŚŽ ;ĐĂƚĐŚŝŶŐ ĐŚŝĐŬĞŶ ĂŶƟͲŬůŽƚŚŽ ĂŶĚ ƚƌĂƉƉŝŶŐ
ƌĂďďŝƚĂŶƟͲŬůŽƚŚŽͿ͘dŽƚŚŝƐĞŶĚ͕ĂŶƟďŽĚŝĞƐǁĞƌĞŐĞŶĞƌĂƚĞĚŝŶĐŚŝĐŬĞŶƐĂŶĚƌĂďďŝƚƐƵƐŝŶŐ
ƌĞĐŽŵďŝŶĂŶƚŚƵŵĂŶŬůŽƚŚŽĂŶĚŶŝŶĞƉĞƉƟĚĞƐĚŝƌĞĐƚĞĚĂŐĂŝŶƐƚ ƚŚĞĚŝīĞƌĞŶƚĚŽŵĂŝŶƐ
ŽĨŚƵŵĂŶŬůŽƚŚŽ͘&ŝƌƐƚ͕ĂŶƟďŽĚŝĞƐǁĞƌĞƵƐĞĚƚŽ ŝŵŵƵŶŽďůŽƚŬůŽƚŚŽ͕ǁŚĞƌĞĂůŵŽƐƚĂůů
ĂŶƟďŽĚŝĞƐĚĞƚĞĐƚĞĚƌĞĐŽŵďŝŶĂŶƚŬůŽƚŚŽ͘EĞǆƚ͕ĂŶƟďŽĚŝĞƐǁĞƌĞƚĞƐƚĞĚŽŶƚŚĞŝƌĂďŝůŝƚǇ
ƚŽ ĚĞƚĞĐƚ ƌĞĐŽŵďŝŶĂŶƚ ŬůŽƚŚŽ ǀŝĂ Ă ŽŶĞͲƐŝƚĞ >/^͘ dǁŽ ĐŚŝĐŬĞŶ ĂŶƟďŽĚŝĞƐ ĂŶĚ ĨŽƵƌ
ĚŝīĞƌĞŶƚ ƌĂďďŝƚ ĂŶƟďŽĚŝĞƐƉƌŽǀŝĚĞĚ ƚŚĞŵŽƐƚƉƌŽŵŝƐŝŶŐ ƌĞƐƵůƚƐ ĂŶĚ ƚŚĞƐĞĂŶƟďŽĚŝĞƐ
ǁĞƌĞƐƵďƐĞƋƵĞŶƚůǇĐŽŵďŝŶĞĚƚŽĨŽƌŵĂƐĞŶƐŝƟǀĞƚǁŽͲƐŝƚĞŬůŽƚŚŽ>/^͘hƌŝŶĞƐĂŵƉůĞƐ
of healthy volunteers were concentrated and soluble klotho was measured in these 
ƐĂŵƉůĞƐƵƐŝŶŐ ƚŚĞ ƚǁŽͲƐŝƚĞ>/^͕ǁŚŝĐŚĐŽƌƌĞůĂƚĞĚǁŝƚŚ ƌĞƐƵůƚƐŽĨ ƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐ
ŝŵŵƵŶŽďůŽƚ͘/ŶĐŽŶĐůƵƐŝŽŶ͕ŚƵŵĂŶŬůŽƚŚŽǁĂƐĚĞƚĞĐƚĞĚŝŶƵƌŝŶĞƐĂŵƉůĞƐďǇŽƵƌŶĞǁůǇ
ĚĞǀĞůŽƉĞĚƚǁŽͲƐŝƚĞŚƵŵĂŶŬůŽƚŚŽ>/^͘
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dŚĞ ƉƌĞǀĂůĞŶĐĞ ŽĨ ĐŚƌŽŶŝĐ ŬŝĚŶĞǇ ĚŝƐĞĂƐĞ ;<Ϳ͕ ĚĞĮŶĞĚ ďǇ ĂŶ ĞƐƟŵĂƚĞĚ ŐůŽŵĞƌƵůĂƌ
ĮůƚƌĂƟŽŶƌĂƚĞ;Ğ'&ZͿďĞůŽǁϲϬŵůͬŵŝŶͬϭ͘ϳϯŵ2 ĨŽƌŵŽƌĞƚŚĂŶƚŚƌĞĞŵŽŶƚŚƐ͕ŝƐĞƐƟŵĂƚĞĚƚŽ
ďĞĂƌŽƵŶĚϴͲϭϲйǁŽƌůĚǁŝĚĞ;ϭͿ͘ĞƐŝĚĞƐƚŚĞƌŝƐŬŽĨƉƌŽŐƌĞƐƐŝŶŐƚŽĞŶĚƐƚĂŐĞƌĞŶĂůĚŝƐĞĂƐĞ͕
CKD is also an important risk factor for the development of co-morbidity. This includes 
bone and mineral balance disturbances and cardiovascular mortality (1). The risk of the 
ůĂƩĞƌ ŝƐ ƚŚƌĞĞƟŵĞƐŚŝŐŚĞƌ ŝŶƉĂƟĞŶƚƐǁŝƚŚ<ƐƚĂŐĞϰ͕ ĐŽŵƉĂƌĞĚ ƚŽ ŝŶĚŝǀŝĚƵĂůƐǁŝƚŚ
ŶŽƌŵĂůŬŝĚŶĞǇĨƵŶĐƟŽŶ;ϮͿ͘WŚŽƐƉŚĂƚĞĂŶĚĐĂůĐŝƵŵĂƌĞƚǁŽŬĞǇƉůĂǇĞƌƐ ŝŶƚŚŝƐƌĞůĂƟŽŶ͕
ƐŝŶĐĞďŽƚŚĂƌĞŝŶǀŽůǀĞĚŝŶƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨǀĂƐĐƵůĂƌĐĂůĐŝĮĐĂƟŽŶƐ;ϯ͕ϰͿ͘ZĞĐĞŶƚƌĞƐĞĂƌĐŚ
ŚĂƐ ƉŽŝŶƚĞĚ ŽƵƚ ƚŚĂƚ Ă ĚĞĮĐŝĞŶĐǇ ŽĨ ƚŚĞ ŐůƵĐƵƌŽŶŝĚĂƐĞͲůŝŬĞ ƉƌŽƚĞŝŶ ɲͲklotho (klotho) 
ŵŝŐŚƚƉůĂǇĂ ƌŽůĞ ŝŶ ƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨ<ĂŶĚĐŽͲŵŽƌďŝĚŝƟĞƐ͕ ƐŝŶĐĞ ŝƚ ŝƐ ŝŶǀŽůǀĞĚ ŝŶ
ƚŚĞ ƌĞŐƵůĂƟŽŶ ŽĨŵŝŶĞƌĂůƐ ;ϱͿ͘DĞŵďƌĂŶĞ ŬůŽƚŚŽ ĨŽƌŵƐ Ă ĐŽŵƉůĞǆǁŝƚŚ ƚŚĞ ĮďƌŽďůĂƐƚ
ŐƌŽǁƚŚ ĨĂĐƚŽƌ ;&'&Ϳ ƌĞĐĞƉƚŽƌ͕  ĞƐƐĞŶƟĂů ĨŽƌ &'&Ϯϯ ƐŝŐŶĂůŝŶŐ ŝŶ ƚŚĞ ŬŝĚŶĞǇ͕ ǁŚŝĐŚ ƌĞƐƵůƚƐ
ŝŶĞŶŚĂŶĐĞĚƵƌŝŶĂƌǇƉŚŽƐƉŚĂƚĞĞǆĐƌĞƟŽŶĂŶĚĚĞĐƌĞĂƐĞĚƐĞƌƵŵǀŝƚĂŵŝŶůĞǀĞůƐ;ϲ͕ϳͿ͘/Ŷ
ĂĚĚŝƟŽŶ͕ĨƌĞĞĐŝƌĐƵůĂƟŶŐĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽ;ƐŽůƵďůĞŬůŽƚŚŽͿĚŝƌĞĐƚůǇƌĞŐƵůĂƚĞƐĐĂůĐŝƵŵĂŶĚ
ƉŚŽƐƉŚĂƚĞƚƌĂŶƐƉŽƌƚĞƌƐ͕ĂŶĚŝŵƉŽƌƚĂŶƚůǇ͕ ŚĂƐǀĂƐĐƵůŽƉƌŽƚĞĐƟǀĞĞīĞĐƚƐ;ϱ͕ϴͲϭϮͿ͘<ůŽƚŚŽŝƐĂ
ƐŝŶŐůĞƚƌĂŶƐŵĞŵďƌĂŶĞƉƌŽƚĞŝŶĐŽŶƐŝƐƟŶŐŽĨƚǁŽĚŽŵĂŝŶƐ͕<>ϭĂŶĚ<>Ϯ͘/ƚŝƐƉƌĞĚŽŵŝŶĂŶƚůǇ
expressed in the kidney and the majority of soluble klotho is secreted by the renal epithelial 
ĐĞůůƐ;ϭϯͲϭϱͿ͘^ŽůƵďůĞŬůŽƚŚŽŝƐĨŽƌŵĞĚĂŌĞƌĐůĞĂǀĂŐĞŽĨŬůŽƚŚŽĨƌŽŵƚŚĞŵĞŵďƌĂŶĞ;ϭϲͿ͘
tŚĞŶĐůĞĂǀĂŐĞŽĐĐƵƌƐĂďŽǀĞƚŚĞŵĞŵďƌĂŶĞ͕ƐŽůƵďůĞĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽŝƐƌĞůĞĂƐĞĚ͕ǁŚŝĐŚ
ŝƐĨŽƵŶĚŝŶďůŽŽĚ͕ƵƌŝŶĞĂŶĚĐĞƌĞďƌŽƐƉŝŶĂůŇƵŝĚ;ϭϯͿ͘ůĞĂǀĂŐĞĐĂŶĂůƐŽŽĐĐƵƌďĞƚǁĞĞŶ<>ϭ
ĂŶĚ<>Ϯ͕ ƌĞƐƵůƟŶŐ ŝŶ ƚŚĞ<>ϭ ĨƌĂŐŵĞŶƚ͘dŚĞ<>Ϯ ĨƌĂŐŵĞŶƚ ŝƐ ƌĞůĞĂƐĞĚĂŌĞƌ ƐƵďƐĞƋƵĞŶƚ
cleavage above the plasma membrane. The individual KL1 and KL2 fragments have not 
been detected in serum or urine, only in media of stably klotho-expressed Madin-Darby 
ĐĂŶŝŶĞĐĞůůƐ;ϭϳͿ͘dŚĞĨƵŶĐƟŽŶĂůƌŽůĞŽĨƚŚĞƐĞƐŵĂůůĞƌĨƌĂŐŵĞŶƚƐŝƐŶŽƚǇĞƚŬŶŽǁŶ͘ 
Several animal studies have shown that during CKD, renal klotho expression is decreased 
;ϱ͕ϭϴͿ͘dŚŝƐǁĂƐĐŽŶĮƌŵĞĚŝŶŚƵŵĂŶƐŽŶŵZEĂŶĚƉƌŽƚĞŝŶůĞǀĞůĂŶĚĂĚĞĐůŝŶĞŽĨƐŽůƵďůĞ
ĨƵůůͲůĞŶŐƚŚ ŬůŽƚŚŽǁĂƐ ĨŽƵŶĚ ŝŶ ƵƌŝŶĞ ĂŶĚ ƐĞƌƵŵ ;ϱ͕ϭϵ͕ϮϬͿ͘ dŚŝƐ ƌĞĚƵĐƟŽŶǁĂƐ ĂůƌĞĂĚǇ
ǀŝƐŝďůĞŝŶƐƚĂŐĞƐϭͲϮŽĨ<͘<ůŽƚŚŽŝƐĚŝīĞƌĞŶƚĨƌŽŵƚƌĂĚŝƟŽŶĂůďŝŽŵĂƌŬĞƌƐůŝŬĞĐƌĞĂƟŶŝŶĞ͕
ƵƌĞĂĂŶĚŶŽǀĞůŵĂƌŬĞƌƐůŝŬĞŶĞƵƚƌŽƉŚŝůŐĞůĂƟŶĂƐĞͲĂƐƐŽĐŝĂƚĞĚůŝƉŽĐĂůŝŶ;E'>Ϳ͕ƐŝŶĐĞŬůŽƚŚŽ
ĚĞĮĐŝĞŶĐǇŵŝŐŚƚďĞĂĐĂƵƐĂƟǀĞĨĂĐƚŽƌĨŽƌ<͘/ƚŚĂƐƐŝŵŝůĂƌŝƚǇǁŝƚŚ&'&Ϯϯ͕ĂůƚŚŽƵŐŚƐĞƌƵŵ
&'&ϮϯůĞǀĞůƐŝŶĐƌĞĂƐĞĨƌŽŵƐƚĂŐĞϮŽĨ<ĂŶĚŝƐŶŽƚůŝŬĞŬůŽƚŚŽŬŝĚŶĞǇͲĚĞƌŝǀĞĚ;Ϯϭ͕ϮϮͿ͘
dŚŝƐŵĂŬĞƐŬůŽƚŚŽĂƉŽƚĞŶƟĂůďŝŽŵĂƌŬĞƌĨŽƌƚŚĞĞĂƌůǇĚĞǀĞůŽƉŵĞŶƚŽĨ<͘
ZĞĐĞŶƚůǇ͕  ĂŶ ŝŵŵƵŶŽƉƌĞĐŝƉŝƚĂƟŽŶͲŝŵŵƵŶŽďůŽƚ ;/WͲ/Ϳ ĂƐƐĂǇ ĨŽƌ ĚĞƚĞĐƟŶŐ ŬůŽƚŚŽ ǁĂƐ
ŐĞŶĞƌĂƚĞĚƵƐŝŶŐĂƐǇŶƚŚĞƟĐĂŶƟďŽĚǇ;ϮϬͿ͘dŚŝƐĐŽŶĮƌŵĞĚůŽǁƐŽůƵďůĞŬůŽƚŚŽůĞǀĞůƐ ŝŶ
<ƉĂƟĞŶƚƐŝŶƐĞƌƵŵĂŶĚƵƌŝŶĞ͘/ƚŝƐ͕ŚŽǁĞǀĞƌ͕ ĚŝĸĐƵůƚƚŽŝŵƉůĞŵĞŶƚƚŚŝƐƚĞĐŚŶŝƋƵĞŝŶĂ
ĐůŝŶŝĐĂůůĂďŽƌĂƚŽƌǇ͕ ďĞĐĂƵƐĞŝƚŝƐůĂďŽƌŝŽƵƐĂŶĚƐĞŵŝͲƋƵĂŶƟƚĂƟǀĞ͘dŽƚŚŝƐĞŶĚ͕ĂŶĞŶǌǇŵĞͲ
ůŝŶŬĞĚŝŵŵƵŶŽƐŽƌďĞŶƚĂƐƐĂǇ;>/^ͿǁŽƵůĚďĞŵŽƌĞĂƉƉƌŽƉƌŝĂƚĞ͘,ĞŝũďŽĞƌet al. showed 
ƚŚĂƚƚŚĞĐƵƌƌĞŶƚůǇĂǀĂŝůĂďůĞĐŽŵŵĞƌĐŝĂů>/^ Ɛ͛ĨŽƌƐĞƌƵŵĚĞƚĞĐƟŽŶŽĨŬůŽƚŚŽƉĞƌĨŽƌŵ
ŝŶƐƵĸĐŝĞŶƚůǇ͕  ǁŝƚŚ ƚŚĞ ƉŽƐƐŝďůĞ ĞǆĐĞƉƟŽŶ ŽĨ ƚŚĞ /> ĂƐƐĂǇ ;/> /ŶƚĞƌŶĂƟŽŶĂů 'ŵď,͕
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,ĂŵďƵƌŐ 'ĞƌŵĂŶǇͿ ;ϮϯͿ͘ dŚĞ ůĂƩĞƌ ĂƐƐĂǇǁĂƐŵŽƌĞ ĐŽŶƐŝƐƚĞŶƚ ƚŚŽƵŐŚ ĐŽƵůĚ ƐƟůů ďĞ
ŝŵƉƌŽǀĞĚŽŶůŝŶĞĂƌŝƚǇĂŶĚƌĞĐŽǀĞƌǇĂŌĞƌĂĚĚŝƟŽŶŽĨƌĞĐŽŵďŝŶĂŶƚŬůŽƚŚŽ;ϮϯͿ͘/ŶĂĚĚŝƟŽŶ͕
ŝƚƐƐƉĞĐŝĮĐŝƚǇŝƐƐƟůůƵŶĐĞƌƚĂŝŶǁŚŝůĞĨƌĞĞǌŝŶŐĂŶĚƚŚĂǁŝŶŐŽĨƵƌŝŶĞĂŶĚƐĞƌƵŵƐĂŵƉůĞƐ
ƐŚŽǁĞĚĚĞĐƌĞĂƐĞĚŬůŽƚŚŽŵĞĂƐƵƌĞŵĞŶƚƐŝŶƚŚĞ/>ĂƐƐĂǇ;ϮϬ͕ϮϰͿ͘dŚĞůŝŵŝƚĂƟŽŶƐŽĨƚŚĞ
>/^ĂƐƐĂǇƐĂŶĚƚŚĞŝŶƐƚĂďŝůŝƚǇŽĨŬůŽƚŚŽŵĂǇĞǆƉůĂŝŶƚŚĞǀĂƌŝĂďůĞƌĞƐƵůƚƐ ŝŶ ůŝƚĞƌĂƚƵƌĞ
showing both increased and decreased levels of klotho during CKD (20,23). 
dŚĞĂŝŵŽĨƚŚĞƉƌĞƐĞŶƚƐƚƵĚǇǁĂƐƚŚĞƌĞĨŽƌĞƚŽĚĞǀĞůŽƉĂƌŽďƵƐƚƚǁŽͲƐŝƚĞŬůŽƚŚŽ>/^͘
&ŝƌƐƚ͕ ĂŶƟďŽĚŝĞƐ ĂŐĂŝŶƐƚ ŬůŽƚŚŽ ǁĞƌĞ ƉƌŽĚƵĐĞĚ͕ ƵƐŝŶŐ ĚŝīĞƌĞŶƚ ŬůŽƚŚŽ ƉĞƉƟĚĞƐ ĂŶĚ
ƌĞĐŽŵďŝŶĂŶƚ ĞǆƚƌĂĐĞůůƵůĂƌ ĨƵůůͲůĞŶŐƚŚ ŚƵŵĂŶ ŬůŽƚŚŽ͘ ^ƵďƐĞƋƵĞŶƚůǇ͕  ƚŚĞ ŵŽƐƚ ƐƉĞĐŝĮĐ
ĂŶƟďŽĚŝĞƐǁĞƌĞƵƐĞĚƚŽĚĞǀĞůŽƉƚŚĞƚǁŽͲƐŝƚĞ>/^͕ĂŶĚĮŶĂůůǇŚƵŵĂŶŬůŽƚŚŽůĞǀĞůƐŝŶ
urine samples were measured. 
&ŝŐƵƌĞϭͮdŚĞĚĞƐŝŐŶŽĨƚŚĞƚǁŽͲƐŝƚĞ>/^ĂŶĚŽǀĞƌǀŝĞǁŽĨƚŚĞŐĞŶĞƌĂƚĞĚĂŶƟďŽĚŝĞƐ͘ (A) Overview of 
ƚŚĞƚǁŽͲƐŝƚĞ>/^ĚĞƐŝŐŶ͘ĚƵĐŬĂŶƟďŽĚǇƌĂŝƐĞĚĂŐĂŝŶƐƚĐŚŝĐŬĞŶ/ŐzŝƐĐŽĂƚĞĚŽŶƚŚĞƉůĂƚĞ͘dŚĞƌĞĂŌĞƌƚŚĞ
ƉůĂƚĞŝƐŝŶĐƵďĂƚĞĚǁŝƚŚĂŚƵŵĂŶŬůŽƚŚŽĐŚŝĐŬĞŶĐĂƚĐŚŝŶŐĂŶƟďŽĚǇ͘ EĞǆƚŝƐƚŚĞĂŶĂůǇƚĞ͕ŝŶƚŚŝƐĐĂƐĞŬůŽƚŚŽ͘
dǁŽŵĂŵŵĂůŝĂŶĂŶƟďŽĚŝĞƐĂƌĞĞŵƉůŽǇĞĚĂŌĞƌƚŚĞĂŶĂůǇƚĞ͘&ŝƌƐƚŝƐƚŚĞƚƌĂƉƉŝŶŐĂŶƟďŽĚǇ͕ ǁŚŝĐŚŝƐĚŝƌĞĐƚĞĚ
ĂŐĂŝŶƐƚŚƵŵĂŶŬůŽƚŚŽĂŶĚƌĂŝƐĞĚŝŶƌĂďďŝƚ͘dŚĞĚĞƚĞĐƟŽŶĂŶƟďŽĚǇĂŐĂŝŶƐƚƌĂďďŝƚ/Ő'ŝƐƌĂŝƐĞĚŝŶŐŽĂƚĂŶĚŝƐ
ůĂďĞůĞĚǁŝƚŚďŝŽƟŶ͘ȲͲŐĂůĂĐƚŽƐŝĚĂƐĞĂƩĂĐŚĞĚƚŽƐƚƌĞƉƚĂǀŝĚŝŶŝƐĂĚĚĞĚĂŶĚĂƐĂƐƵďƐƚƌĂƚĞϰͲŵĞƚŚǇůƵŵďĞůůŝĨĞƌǇůͲ
ɴͲͲŐĂůĂĐƚŽƉǇƌĂŶŽƐŝĚĞ;Dh'ͿŝƐƵƐĞĚ͘;B-CͿKǀĞƌǀŝĞǁŽĨƚŚĞĚŝīĞƌĞŶƚƉĞƉƟĚĞƐ͕ǁŚŝĐŚǁĞƌĞƵƐĞĚƚŽƉƌŽĚƵĐĞ
ƚŚĞĐĂƚĐŚŝŶŐ;ĐŚŝĐŬĞŶͿĂŶĚƚƌĂƉƉŝŶŐ;ƌĂďďŝƚͿĂŶƟďŽĚŝĞƐ͘;BͿŵŝŶŽĂĐŝĚƐĞƋƵĞŶĐĞŽĨŚƵŵĂŶŬůŽƚŚŽƉƌŽƚĞŝŶ
ǁŚĞƌĞƉĞƉƟĚĞƐĞƋƵĞŶĐĞƐϭͲϵŚĂǀĞĚŝīĞƌĞŶƚĐŽůŽƌƐ͘dŚĞĂƐƉĂƌĂŐŝŶĞƐŽĨƉŽƚĞŶƟĂůEͲůŝŶŬĞĚŐůǇĐŽƐǇůĂƟŽŶƐŝƚĞƐ
are in bold. (CͿ^ĐŚĞŵĂƟĐŽǀĞƌǀŝĞǁŽĨƚŚĞƉƌŽƚĞŝŶŬůŽƚŚŽǁŝƚŚƚŚĞ<>ϭĂŶĚ<>ϮĚŽŵĂŝŶŝŶĚĂƌŬĂŶĚůŝŐŚƚŐƌĞǇ͕ 
ƌĞƐƉĞĐƟǀĞůǇ͘ WĞƉƟĚĞƐϭͲϵĂƌĞŝŶĚŝĐĂƚĞĚǁŝƚŚĐŽƌƌĞƐƉŽŶĚŝŶŐĐŽůŽƌƐĨƌŽŵ&ŝŐƵƌĞ͘
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A two-site ELISA for klotho
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Materials and methods
dǁŽͲƐŝƚĞ>/^ĚĞƐŝŐŶĂŶĚƉĞƉƟĚĞĚĞǀĞůŽƉŵĞŶƚ
dŽ ĞƐƚĂďůŝƐŚ Ă ƚǁŽͲƐŝƚĞ ŚƵŵĂŶ ŬůŽƚŚŽ >/^͕ ƐƉĞĐŝĮĐ ĂŶƟďŽĚŝĞƐ ĂŐĂŝŶƐƚ ŬůŽƚŚŽ ǁĞƌĞ
ŐĞŶĞƌĂƚĞĚ͘ dŚĞĚĞƐŝŐŶŽĨ ƚŚĞ ƚǁŽͲƐŝƚĞ>/^ǁĂƐďĂƐĞĚŽŶĂ ĨŽƌŵĞƌŵŽĚĞů ;ϮϱͿ ĂŶĚ ŝƐ
ƉƌĞƐĞŶƚĞĚŝŶ&ŝŐƵƌĞϭĂ͗ĂĚƵĐŬĂŶƟͲĐŚŝĐŬĞŶĂŶƟďŽĚǇŝƐĐŽĂƚĞĚŽŶƚŚĞƉůĂƚĞ͕ǁŚŝĐŚĂƐƐƵƌĞƐ
ƚŚĂƚƚŚĞŶĞǆƚĂŶƟďŽĚǇ͕ ƚŚĞĐŚŝĐŬĞŶĂŶƟͲŬůŽƚŚŽ/ŐzŝƐĂůŝŐŶĞĚŝŶƚŚĞƌŝŐŚƚ͞ ĐĂƚĐŚŝŶŐ͟ƉŽƐŝƟŽŶ
ĂŶĚŶŽ ĐŽŶĨŽƌŵĂƟŽŶĂů ĐŚĂŶŐĞŽĨ ƚŚĞ ĂŶƟďŽĚǇ ĐĂŶ ŽĐĐƵƌ ĚƵĞ ƚŽ ďŝŶĚŝŶŐ ƚŽ ƚŚĞ ƉůĂƚĞ͘
dŚĞƌĞĂŌĞƌƚŚĞĂŶĂůǇƚĞ͕ŝŶƚŚŝƐĐĂƐĞŚƵŵĂŶŬůŽƚŚŽ͕ŝƐĂĚĚĞĚĂŶĚŶĞǆƚƚŚĞƚƌĂƉƉŝŶŐĂŶƟďŽĚǇ͕ 
ƉƌŽĚƵĐĞĚŝŶƌĂďďŝƚ͕ŝƐŝŶĐƵďĂƚĞĚŽŶƚŚĞƉůĂƚĞ͘^ƵďƐĞƋƵĞŶƚůǇ͕ ĂŐŽĂƚĂŶƟͲƌĂďďŝƚĚĞƚĞĐƟŶŐ
ĂŶƟďŽĚǇ ŝƐ ŝŶĐůƵĚĞĚ͕ ǁŚŝĐŚ ŝƐ ĐŽŶũƵŐĂƚĞĚ ǁŝƚŚ ďŝŽƟŶ͘ &ŝŶĂůůǇ͕  ƐƚƌĞƉƚĂǀŝĚŝŶ ĐŽŶũƵŐĂƚĞĚ
ǁŝƚŚ ɴͲŐĂůĂĐƚŽƐŝĚĂƐĞ ŝƐ ƐƵďũĞĐƚĞĚ ƚŽ ƚŚĞ ƉůĂƚĞ ĂŶĚ ƚŚĞ ŇƵŽƌĞƐĐĞŶĐĞ ŽĨ ƚŚĞ ĐŽŶǀĞƌƚĞĚ
ƐƵďƐƚƌĂƚĞϰͲŵĞƚŚǇůƵŵďĞůůŝĨĞƌǇůͲɴͲͲŐĂůĂĐƚŽƉǇƌĂŶŽƐŝĚĞ;Dh'ͿŝƐŵĞĂƐƵƌĞĚ͘EŝŶĞĚŝīĞƌĞŶƚ
ƉĞƉƟĚĞƐ ďĂƐĞĚ ŽŶ ƚŚĞ ŚƵŵĂŶ ŬůŽƚŚŽ ĂŵŝŶŽ ĂĐŝĚ ƐĞƋƵĞŶĐĞ ĂŶĚ ƌĞĐŽŵďŝŶĂŶƚ ŚƵŵĂŶ
ŬůŽƚŚŽ;ƌŚŬůŽƚŚŽͿǁĞƌĞƵƐĞĚƚŽƉƌŽĚƵĐĞĂŶƟͲŬůŽƚŚŽ/Ő'ĂŶĚ/ŐzĂŶƟďŽĚŝĞƐŝŶƌĂďďŝƚƐĂŶĚͬ
Žƌ ĐŚŝĐŬĞŶƐ͕ ƌĞƐƉĞĐƟǀĞůǇ͘  WĞƉƟĚĞƐǁĞƌĞĚĞƐŝŐŶĞĚďĂƐĞĚŽŶ ƚŚƌĞĞƉƌĞĚŝĐƟŽŶƉƌŽŐƌĂŵƐ͕
ŶĂŵĞůǇ WƌĞĚŝĐƚ WƌŽƚĞŝŶ ;ϮϲͿ͕ ŝƐD> ;ϮϳͿ ĂŶĚ 'ůŽďWůŽƚ ;ϮϴͿ ĂŶĚ ďǇ ĐŝƌĐƵŵǀĞŶƟŽŶ ŽĨ
ƉŽƚĞŶƟĂůEͲůŝŶŬĞĚŐůǇĐŽƐǇůĂƟŽŶƐŝƚĞƐ;EĞƚEŐůǇĐϭ͘ϬƐĞƌǀĞƌͿ͘ŶŽǀĞƌǀŝĞǁŽĨƚŚĞĚŝīĞƌĞŶƚ
ƉĞƉƟĚĞƐĞƋƵĞŶĐĞƐĂŶĚƉŽƐŝƟŽŶŝŶƚŚĞŚƵŵĂŶŬůŽƚŚŽƉƌŽƚĞŝŶŝƐĚĞƉŝĐƚĞĚŝŶ&ŝŐƵƌĞϭďͲĐ͘
dĂďůĞϭƐŚŽǁƐĂŶŽǀĞƌǀŝĞǁŽĨƚŚĞŶŽŵĞŶĐůĂƚƵƌĞŽĨƚŚĞŐĞŶĞƌĂƚĞĚĂŶƟďŽĚŝĞƐ͘
dĂďůĞϭͮEŽŵĞŶĐůĂƚƵƌĞŽĨƚŚĞŐĞŶĞƌĂƚĞĚĂŶƟďŽĚŝĞƐ͘
WĞƉƟĚĞ Chicken/
catching
Rabbit/
trapping
1 C1 R1
2 - R2
3 C3 R3
4 C4 R4
5 C5 R5
6 C6 R6
7 - R7
8 C8 R8
9 C9 R9
rhklotho CR RR
dŚĞƉĞƉƟĚĞƐĨƌŽŵ&ŝŐƵƌĞϭ͕ǁŝƚŚƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐŶĂŵĞƐŽĨƚŚĞĐŚŝĐŬĞŶĐĂƚĐŚŝŶŐĂŶĚƌĂďďŝƚƚƌĂƉƉŝŶŐ
ĂŶƟďŽĚŝĞƐ͘ZŚŬůŽƚŚŽƌĞƉƌĞƐĞŶƚƐƌĞĐŽŵďŝŶĂŶƚŚƵŵĂŶŬůŽƚŚŽ͘
/ŵŵƵŶŝǌĂƟŽŶŽĨĂŶŝŵĂůƐ
WĞƉƟĚĞƐ ϭ͕ Ϯ͕ ϱ͕ ϳ ĂŶĚϵǁĞƌĞ ĐŽŶũƵŐĂƚĞĚ ƚŽ <ĞǇŚŽůĞ >ŝŵƉĞƚ,ĞŵŽĐǇĂŶŝŶ ;<>,Ϳ ĂŶĚ
ƉƵƌĐŚĂƐĞĚ Ăƚ ƵƌŽŐĞŶƚĞĐ ;^ĞƌĂŝŶŐ͕ ĞůŐŝƵŵͿ͘ WĞƉƟĚĞƐ ϯ͕ ϰ͕ ϲ ĂŶĚ ϴǁĞƌĞ ĐŽŶũƵŐĂƚĞĚ
ǁŝƚŚ >ŝŵƵůƵƐ WŽůǇƉŚĞŵƵƐ ,ĞŵŽĐǇĂŶŝŶ ;>W,Ϳ ĂŶĚ ƉƵƌĐŚĂƐĞĚ Ăƚ ŝŽ'ĞŶĞƐ ;ĞƌůŝŶ͕
'ĞƌŵĂŶǇͿĂŶĚƌŚŬůŽƚŚŽǁĂƐƐƵƉƉůŝĞĚďǇZΘƐǇƐƚĞŵƐ;DŝŶŶĞĂƉŽůŝƐ͕DE͕h^Ϳ͘ZĂďďŝƚƐ
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Chapter 4
ǁĞƌĞŝŵŵƵŶŝǌĞĚƐƵďĐƵƚĂŶĞŽƵƐůǇĂŶĚĐŚŝĐŬĞŶƐŝŶƚƌĂŵƵƐĐƵůĂƌůǇ;ƉĞĐƚŽƌĂůͿǁŝƚŚϮϱʅŐŽĨ
ƉĞƉƟĚĞϭ͕Ϯ͕ϱ͕ϳŽƌϵ͕ϮϱϬʅŐŽĨƉĞƉƟĚĞϯ͕ϰ͕ϲĂŶĚϴ͕ŽƌϰʅŐƌŚŬůŽƚŚŽ͘dŚĞƉĞƉƟĚĞƐ
ǁĞƌĞ ĚŝƐƐŽůǀĞĚ ŝŶ ϮϱϬʅů ƉŚŽƐƉŚĂƚĞ ďƵīĞƌĞĚ ƐĂůŝŶĞ ;W^Ϳ ĨŽƌ ƌĂďďŝƚƐ ĂŶĚ ϱϬϬʅů W^
ĨŽƌĐŚŝĐŬĞŶƐ͘dŚŝƐǁĂƐĞŵƵůƐŝĮĞĚǁŝƚŚĂŶĞƋƵĂůǀŽůƵŵĞŽĨ&ƌĞƵŶĚ Ɛ͛ĐŽŵƉůĞƚĞĂĚũƵǀĂŶƚ
;ĞŚƌŝŶŐǁĞƌŬĞ ͬ'͕ DĂƌďƵƌŐ͕ 'ĞƌŵĂŶǇͿ͘ ǀĞƌǇ ϰ ǁĞĞŬƐ Ă ďŽŽƐƚĞƌ ŝŶŽĐƵůĂƟŽŶ ǁĂƐ
performed with similar amounts of immunogen, prepared with Freund’s incomplete 
ĂĚũƵǀĂŶƚ;ŝĨĐŽ>ĂďŽƌĂƚŽƌŝĞƐ͕ĞƚƌŽŝƚ͕D/͕h^Ϳ͘ŐŐƐĨƌŽŵƚŚĞĐŚŝĐŬĞŶƐǁĞƌĞĐŽůůĞĐƚĞĚ
ĚĂŝůǇ͕ ǁŚŝůĞďůŽŽĚ;ϲŵůͿĨƌŽŵƌĂďďŝƚƐǁĂƐĐŽůůĞĐƚĞĚďĞĨŽƌĞĂŶĞǁŝŶŽĐƵůĂƟŽŶ͘ůŽŽĚǁĂƐ
heparinized and the obtained plasma was stored at -20°C. 
WƵƌŝĮĐĂƟŽŶŽĨĐŚŝĐŬĞŶ/ŐzĂŶĚƉƵƌŝĮĐĂƟŽŶŽĨƚŚĞĂŶƟďŽĚŝĞƐǁŝƚŚĂĸŶŝƚǇĐŚƌŽŵĂƚŽŐƌĂƉŚǇ
ǁĂƐ ƉĞƌĨŽƌŵĞĚ ĂƐ ĚĞƐĐƌŝďĞĚ ƉƌĞǀŝŽƵƐůǇ ;ϮϵͿ͘ &Žƌ ƚŚŝƐ ĂŶ ĸͲ'ĞůΠ ĐŽůƵŵŶ ;ŝŽͲZĂĚ͕
sĞĞŶĞŶĚĂĂů͕dŚĞEĞƚŚĞƌůĂŶĚƐͿǁĂƐƵƐĞĚ͕ǁŚŝĐŚǁĂƐĐŽƵƉůĞĚǁŝƚŚƉĞƉƟĚĞ͘/ŶƚŚĞĐĂƐĞŽĨ
ƉƵƌŝĨǇŝŶŐƌŚŬůŽƚŚŽĂŶƟďŽĚŝĞƐ͕ƚŚĞĐŽůƵŵŶǁĂƐĐŽƵƉůĞĚǁŝƚŚƌŚŬůŽƚŚŽ͘
Cell culture
,ƵŵĂŶĞŵďƌǇŽŶŝĐŬŝĚŶĞǇ;,<ͿϮϵϯĐĞůůƐǁĞƌĞĐƵůƚƵƌĞĚŝŶDD;ŝŽǁŚŝƩĂŬĞƌƵƌŽƉĞ͕
sĞƌǀŝĞƌ͕  ĞůŐŝƵŵͿ ĐŽŶƚĂŝŶŝŶŐ ϭϬй ;ǀͬǀͿ ĨĞƚĂů ĐĂůĨ ƐĞƌƵŵ ;,ǇĐůŽŶĞ͕ >ŽŐĂŶ͕ hd͕  h^Ϳ͕ Ϯ
ŵD >ͲŐůƵƚĂŵŝŶĞ ;^ŝŐŵĂͲůĚƌŝĐŚ͕ ǁŝũŶĚƌĞĐŚƚ͕ dŚĞ EĞƚŚĞƌůĂŶĚƐͿ ĂŶĚ ϭϬ ʅůͬŵů ŶŽŶͲ
ĞƐƐĞŶƟĂůĂŵŝŶŽĂĐŝĚƐ;WůĂďŽƌĂƚŽƌŝĞƐ͕>ŝŶǌ͕ƵƐƚƌŝĂͿĂƚϯϳΣŝŶĂŚƵŵŝĚŝƚǇͲĐŽŶƚƌŽůůĞĚ
incubator with 5% (v/v) CO2͘ ,<Ϯϵϯ ĐĞůůƐǁĞƌĞ ƚƌĂŶƐĨĞĐƚĞĚǁŝƚŚ Ϯ ʅŐ ĞŵƉƚǇ ǀĞĐƚŽƌ
Ɖ'&WͲEϯ͕ ŵŽƵƐĞ ŬůŽƚŚŽͲ'&W ;ŐƌĞĞŶ ŇƵŽƌĞƐĐĞŶƚ ƉƌŽƚĞŝŶͿ Ɖ'&WͲEϯ ;ϭϳͿ Žƌ ŚƵŵĂŶ
ŬůŽƚŚŽŝŶƉ&ϭǀĞĐƚŽƌ;ŬŝŶĚŐŝŌŽĨƌ͘ DĂŬŽƚŽ<ƵƌŽͲK͕hŶŝǀĞƌƐŝƚǇŽĨdĞǆĂƐ^ŽƵƚŚǁĞƐƚĞƌŶ
DĞĚŝĐĂů^ĐŚŽŽů͕h^Ϳ͕ƵƐŝŶŐƉŽůǇĞƚŚǇůĞŶĞŝŵŝŶĞ;W/͕ƌƵŶƐĐŚǁŝŐŚĞŵŝĞ͕ŵƐƚĞƌĚĂŵ͕
dŚĞ EĞƚŚĞƌůĂŶĚƐͿ ŝŶ Ă ϭ͗ϲ E͗W/ ƌĂƟŽ͘ ŌĞƌ ϰϴ ŚŽƵƌƐ͕ ƚƌĂŶƐĨĞĐƟŽŶ ĞĸĐŝĞŶĐǇ ǁĂƐ
ĐŽŶĮƌŵĞĚďǇ'&WŇƵŽƌĞƐĐĞŶĐĞ͘ĞůůƐǁĞƌĞ ůǇƐĞĚ ŝŶ ůǇƐŝƐďƵīĞƌ ;ϭй;ǀͬǀͿdƌŝƚŽŶyͲϭϬϬ
;ŵĞƌƐŚĂŵŝŽƐĐŝĞŶĐĞƐ͕hƉƉƐĂůĂ͕^ǁĞĚĞŶͿ͕ϭϱϬŵDEĂů͕ϱŵDd͕ϱϬŵDdƌŝƐͲ,ů͕
Ɖ,ϳ͘ϱ͕ĂŶĚƉƌŽƚĞĂƐĞŝŶŚŝďŝƚŽƌƐ͗ϭʅŐͬŵůWĞƉƐƚĂƟŶ;DWŝŽŵĞĚŝĐĂůƐ͕^ĂŶƚĂŶĂ͕͕
h^Ϳ͕ϭϮ͘ϱʅŐͬŵů>ĞƵƉĞƉƟŶ ;DWŝŽŵĞĚŝĐĂůƐͿ͕ϭʅŐͬŵůƉƌŽƟŶŝŶ ;^ŝŐŵĂͲůĚƌŝĐŚͿĂŶĚ
ϭŵDƉŚĞŶǇůŵĞƚŚĂŶĞƐƵůĨŽŶǇůŇƵŽƌŝĚĞ ;WD^&Ϳ͕ ^ŝŐŵĂͲůĚƌŝĐŚͿͿ ĂŶĚ ĐĞŶƚƌŝĨƵŐĞĚ ĨŽƌ ϭϬ
minutes at 16,000 Ő. Laemmli containing 100 mM DTT was added to the supernatant 
and incubated for 30 minutes at 37°C. 
^^ͲW'ĂŶĚŝŵŵƵŶŽďůŽƫŶŐ
WƌŽƚĞŝŶ ƐĂŵƉůĞƐǁĞƌĞ ƐƵďũĞĐƚĞĚ ƚŽĂŶϴй ;ǁͬǀͿ ^^ͲW'ŐĞů ĂŶĚďůŽƩĞĚ ƚŽĂWs&
ŵĞŵďƌĂŶĞ;DŝůůŝƉŽƌĞ͕ŝůůĞƌŝĐĂ͕D͕h^Ϳ͘ůůĮƌƐƚĂŶƟďŽĚŝĞƐǁĞƌĞŝŶĐƵďĂƚĞĚŽǀĞƌŶŝŐŚƚ
at 4°C and diluted 1:500, except R1, R5 and R9, which were diluted 1:1,000. Klotho in 
ƵƌŝŶĞƐĂŵƉůĞƐǁĂƐǀŝƐƵĂůŝǌĞĚƵƐŝŶŐ<DϮϭϭϵ;ϭ͗Ϯ͕ϱϬϬ͕ŬŝŶĚŐŝŌŽĨƌ͘ DĂŬŽƚŽ<ƵƌŽͲKͿŽƌ
ZZĂƐĮƌƐƚĂŶƟďŽĚǇ͘ƐƐĞĐŽŶĚĂƌǇĂŶƟďŽĚŝĞƐƚŚĞĂƉƉƌŽƉƌŝĂƚĞƉĞƌŽǆŝĚĂƐĞͲĐŽŶũƵŐĂƚĞĚŐŽĂƚ
ĂŶƟͲƌĂďďŝƚ͕ƌĂďďŝƚĂŶƟͲĐŚŝĐŬĞŶŽƌŐŽĂƚĂŶƟͲƌĂƚ;^ŝŐŵĂͲůĚƌŝĐŚͿǁĞƌĞƵƐĞĚ͘/ŵŵƵŶŽďůŽƚƐ
ǁĞƌĞĞŶŚĂŶĐĞĚƵƐŝŶŐĐŚĞŵŝůƵŵŝŶĞƐĐĞŶĐĞ;>͕WŝĞƌĐĞ͕ƩĞŶͲ>ĞƵƌ͕ dŚĞEĞƚŚĞƌůĂŶĚƐͿĂŶĚ
ĂŶĂůǇǌĞĚ ƵƐŝŶŐ ƚŚĞ ŚĞŵŝŽĐ yZ^ ;ŝŽZĂĚͿ͘ ^ĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶ ŽĨ ŝŵŵƵŶŽďůŽƚƐǁĂƐ
performed as described previously (30). 
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A two-site ELISA for klotho
4
One-site ELISA procedure
dŚĞ ŽŶĞͲƐŝƚĞ >/^ ĚĞƐŝŐŶ ĐŽŶƐŝƐƚƐ ŽĨ ĂŶ ĂŶƟͲĐŚŝĐŬĞŶ Žƌ ĂŶƟͲƌĂďďŝƚ ĐŽĂƟŶŐ ĂŶƟďŽĚǇ
ĂŶĚ ƚŚĞƌĞĂŌĞƌ ƚŚĞ ƉůĂƚĞ ŝƐ ŝŶĐƵďĂƚĞĚ ǁŝƚŚ ƚŚĞ ĚŝīĞƌĞŶƚ ŐĞŶĞƌĂƚĞĚ ĐŚŝĐŬĞŶ ĂŶĚ
ƌĂďďŝƚ ĂŶƟďŽĚŝĞƐ ĚŝƌĞĐƚĞĚ ĂŐĂŝŶƐƚ ŬůŽƚŚŽ͘ ^ƵďƐĞƋƵĞŶƚůǇ͕  ĚŝīĞƌĞŶƚ ĐŽŶĐĞŶƚƌĂƟŽŶƐ ŽĨ
ďŝŽƟŶǇůĂƚĞĚͲŬůŽƚŚŽǁĞƌĞĂĚĚĞĚĂŶĚĮŶĂůůǇ,ZWͲĐŽŶũƵŐĂƚĞĚƐƚƌĞƉƚĂǀŝĚŝŶǁĂƐƵƐĞĚĂƐĂ
ƐŝŐŶĂůƚŽŵĞĂƐƵƌĞƚŚĞĂŵŽƵŶƚŽĨďŝŽƟŶǇůĂƚĞĚͲŬůŽƚŚŽďŽƵŶĚƚŽƚŚĞĂŶƟďŽĚŝĞƐ͘dŽĂƐƐƵƌĞ
Ă ƌĞůŝĂďůĞ ƐƚĂŶĚĂƌĚ͕ ƌŚŬůŽƚŚŽǁĂƐ ĮƌƐƚ ĚŝƐƐŽůǀĞĚ ŝŶ Ϭ͘ϭDŐůǇĐŝŶĞͲ,>͕ Ɖ,ϳ͘ϰ ŝŶ ϱϬй
(v/v) glycerol. Nunc MaxisorpTMŇĂƚͲďŽƩŽŵĞĚŝŵŵƵŶŽƉůĂƚĞƐƵƐĞĚŝŶ>/^ĞǆƉĞƌŝŵĞŶƚƐ
ǁĞƌĞĨƌŽŵ>ŝĨĞdĞĐŚŶŽůŽŐŝĞƐ;ƌĞĚĂ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿ͘ϵϲWtƉůĂƚĞͲǁĂƐŚĞƌ;^>d>Ăď
/ŶƐƚƌƵŵĞŶƚƐ͕ ^ĂůǌďƵƌŐ͕ ƵƐƚƌŝĂͿǁĂƐ ƵƐĞĚ ĂŶĚ Ăůů ŝŶĐƵďĂƟŽŶ ƐƚĞƉƐǁĞƌĞ ƐĞƉĂƌĂƚĞĚ ďǇ
ƐƵďƐĞƋƵĞŶƚǁĂƐŚŝŶŐƐƚĞƉƐ;ϰƟŵĞƐ͕ϯϬϬʅůŽĨǁĂƐŚŝŶŐďƵīĞƌ;Ϭ͘ϭй;ǀͬǀͿdǁĞĞŶͲϮϬ ŝŶ
W^Ϳ ƉĞƌ ǁĞůůͿ͘ ŝŽƟŶǇůĂƚĞĚͲŬůŽƚŚŽ ǁĂƐ ŐĞŶĞƌĂƚĞĚ ďǇ ŝŶĐƵďĂƟŶŐ ϱ ʅŐ ƌŚŬůŽƚŚŽ ǁŝƚŚ
ϯϱŶŵŽů^ƵůĨŽͲE,^Ͳ>ͲďŝŽƟŶ ;dŚĞƌŵŽ&ŝƐŚĞƌ^ĐŝĞŶƟĮĐ͕tĂůƚŚĂŵ͕D͕h^ͿĂĐĐŽƌĚŝŶŐ
ƚŽŵĂŶƵĨĂĐƚƵƌĞƌ Ɛ͛ƉƌŽƚŽĐŽů͘dŚĞĐŽĂƟŶŐĂŶƟďŽĚǇ͕ ĞŝƚŚĞƌĚƵĐŬĂŶƟͲĐŚŝĐŬĞŶ;ϭϬʅŐͬŵů͕
;ϮϱͿͿ Žƌ ŐŽĂƚ ĂŶƟͲƌĂďďŝƚ /Ő' &Đ ;Ϯ͘ϵ ʅŐͬŵů͕ dŚĞƌŵŽ &ŝƐŚĞƌ ^ĐŝĞŶƟĮĐͿ͕ ǁĂƐ ĚŝůƵƚĞĚ ŝŶ
ĐŽĂƟŶŐďƵīĞƌ;ϭϱŵDEĂ2CO3 and 35 mM NaHCO3͕Ɖ,ϵ͘ϲͿĂŶĚϭϬϬʅůǁĂƐĂĚĚĞĚƚŽ
ƚŚĞƉůĂƚĞ ŽǀĞƌŶŝŐŚƚ Ăƚ ϰΣ͘ ^ƵďƐĞƋƵĞŶƚůǇ͕  ƚŚĞ ƉůĂƚĞǁĂƐ ďůŽĐŬĞĚǁŝƚŚ ďůŽĐŬŝŶŐ ďƵīĞƌ
;ϭй ;ǁͬǀͿ ŽǀŝŶĞ ^ĞƌƵŵ ůďƵŵŝŶ ;^͕ ηͲϳϵϬϲ͕ ^ŝŐŵĂͲůĚƌŝĐŚͿ ŝŶ W^͕ ϯϬϬ ʅů ƉĞƌ
ǁĞůůͿ ĨŽƌ Ϯ ŚŽƵƌƐ Ăƚ ϯϳΣ͘ ^ƵďƐĞƋƵĞŶƚůǇ͕  ϮϬϬʅŐͬŵů ŽĨ ƉĞƉƟĚĞ ŐĞŶĞƌĂƚĞĚ ĂŶƟďŽĚŝĞƐ͕
Žƌ ϱϬ ʅŐͬŵů ŽĨ ƌŚŬůŽƚŚŽ ŐĞŶĞƌĂƚĞĚ ĂŶƟďŽĚŝĞƐ ǁĞƌĞ ŝŶĐƵďĂƚĞĚ ĨŽƌ Ϯ ŚŽƵƌƐ Ăƚ ϯϳΣ͘
WůĂƚĞƐǁĞƌĞƵƐĞĚĚŝƌĞĐƚůǇŽƌƐĞĂůĞĚ ŝŶƉůĂƐƟĐ ĨŽŝůƵŶĚĞƌǀĂĐƵƵŵĂŶĚƐƚŽƌĞĚĂƚϰΣ͕Ăƚ
ǁŚŝĐŚƚŚĞƉƌĞͲĐŽĂƚĞĚƉůĂƚĞƐĐŽƵůĚďĞƵƐĞĚĨŽƌĂƚůĞĂƐƚƚǁŽŵŽŶƚŚƐ͘EĞǆƚ͕ϮϬʅŐͬŵůŽĨ
ďŝŽƟŶǇůĂƚĞĚͲŬůŽƚŚŽǁĂƐĚŝůƵƚĞĚƚŽĚŝīĞƌĞŶƚĐŽŶĐĞŶƚƌĂƟŽŶƐŝŶĚŝůƵƟŽŶďƵīĞƌ;ϭй;ǁͬǀͿ
^ŝŶǁĂƐŚŝŶŐďƵīĞƌ͕ ϭϬϬʅůͿĂŶĚĂĚĚĞĚƚŽƚŚĞƉůĂƚĞĨŽƌϮŚŽƵƌƐĂƚƌŽŽŵƚĞŵƉĞƌĂƚƵƌĞ͘
^ƵďƐĞƋƵĞŶƚůǇ͕ ƚŚĞƉůĂƚĞǁĂƐŝŶĐƵďĂƚĞĚǁŝƚŚ,ZWͲĐŽŶũƵŐĂƚĞĚƐƚƌĞƉƚĂǀŝĚŝŶ;^ŝŐŵĂͲůĚƌŝĐŚͿ
ĂĐĐŽƌĚŝŶŐ ƚŽ ƚŚĞ ŵĂŶƵĨĂĐƚƵƌĞƌ Ɛ͛ ƉƌŽƚŽĐŽů͘ /ŶĐƵďĂƟŽŶ ǁŝƚŚ ƐƵďƐƚƌĂƚĞ ƐŽůƵƟŽŶ ;ϰ ŵŐ
KƌƚŚŽƉŚĞŶǇůĞŶĞĚŝĂŵŝŶĞ;ĂŬŽͬ^͕'ůŽƐƚƌƵƉ͕ĞŶŵĂƌŬͿĂŶĚϭϬʅůϯϬй;ǀͬǀͿ,2O2 in 11 
ŵůĐŽůŽƌďƵīĞƌ;ϳϲŵDEĂ,2PO4.H2O and 35 mM citric acid, pH 5.0)) was in darkness for 
ϯϬŵŝŶƵƚĞƐĂƚƌŽŽŵƚĞŵƉĞƌĂƚƵƌĞ͘tŚĞŶĐŽůŽƌĚĞǀĞůŽƉŵĞŶƚǁĂƐĐŽŵƉůĞƚĞĚ͕ƚŚĞƌĞĂĐƟŽŶ
ǁĂƐƐƚŽƉƉĞĚďǇĂĚĚŝŶŐϭϬϬʅůŽĨϭ͘ϬD,2SO4ƉĞƌǁĞůů͘ďƐŽƌďĂŶĐĞǁĂƐŵĞĂƐƵƌĞĚƵƐŝŶŐ
ĂŶĂƵƚŽŵĂƚĞĚ>/^ƌĞĂĚĞƌ;DƵůƟƐĐĂŶƐĐĞŶƚ͕>ĂďƐǇƐƚĞŵƐ͕,ĞůƐŝŶŬŝ͕&ŝŶůĂŶĚͿĂƚϰϵϮŶŵ͘
dǁŽͲƐŝƚĞ>/^ƉƌŽĐĞĚƵƌĞ
dŚĞϵϲͲǁĞůůƉůĂƚĞǁĂƐĐŽĂƚĞĚǁŝƚŚƚŚĞĚƵĐŬĂŶƟͲĐŚŝĐŬĞŶĂŶƟďŽĚǇĂŶĚďůŽĐŬĞĚĂƐĚĞƐĐƌŝďĞĚ
ĂďŽǀĞ͘ĂƚĐŚŝŶŐ͕ƚƌĂƉƉŝŶŐĂŶĚĚĞƚĞĐƟŶŐĂŶƟďŽĚŝĞƐǁĞƌĞĚŝůƵƚĞĚŝŶĚŝůƵƟŽŶďƵīĞƌ͘ WůĂƚĞƐ
ǁĞƌĞŝŶĐƵďĂƚĞĚǁŝƚŚϬ͘ϭϱʅŐͬŵůĐĂƚĐŚŝŶŐĂŶƟďŽĚǇ;ĐŚŝĐŬĞŶĂŶƟͲŬůŽƚŚŽͿĨŽƌϮŚŽƵƌƐĂƚϯϳΣ͘
^ƵďƐĞƋƵĞŶƚůǇ͕  ƵŶŬŶŽǁŶƐ͕ ƌĞĨĞƌĞŶĐĞ ƐĂŵƉůĞƐ ĂŶĚ ƚŚĞ ƐƚĂŶĚĂƌĚƐǁĞƌĞ ĚŝůƵƚĞĚ ŝŶ ĚŝůƵƟŽŶ
ďƵīĞƌ ĂŶĚ ŝŶĐƵďĂƚĞĚ ŽǀĞƌŶŝŐŚƚ Ăƚ ϰΣ͘ ŽƚŚ ƚŚĞ ƚƌĂƉƉŝŶŐ ĂŶƟďŽĚǇ ;ƌĂďďŝƚ ĂŶƟͲŬůŽƚŚŽ͕
Ϭ͘ϯϱʅŐͬŵůͿĂŶĚƐƵďƐĞƋƵĞŶƚůǇƚŚĞĚĞƚĞĐƟŶŐĂŶƟďŽĚǇ;ŐŽĂƚĂŶƟͲƌĂďďŝƚůĂďĞůĞĚǁŝƚŚďŝŽƟŶ͕
ĚŝůƵƟŽŶϮϬ͕ϬϬϬƟŵĞƐ͕ ^ŝŐŵĂͲůĚƌŝĐŚͿǁĞƌĞ ŝŶĐƵďĂƚĞĚ ĨŽƌϮŚŽƵƌƐĂƚ ƌŽŽŵ ƚĞŵƉĞƌĂƚƵƌĞ͘
EĞǆƚ͕ƚŚĞƉůĂƚĞǁĂƐŝŶĐƵďĂƚĞĚĨŽƌϭŚŽƵƌǁŝƚŚƐƚƌĞƉƚĂǀŝĚŝŶͲɴͲŐĂůĂĐƚŽƐŝĚĂƐĞ;ZŽĐŚĞ͕ĂƐĞů͕
^ǁŝƚǌĞƌůĂŶĚͿĂŶĚDh';^ŝŐŵĂͲůĚƌŝĐŚͿǁĂƐƵƐĞĚĂƐĂƐƵďƐƚƌĂƚĞ͕ĂĐĐŽƌĚŝŶŐƚŽŵĂŶƵĨĂĐƚƵƌĞƌ Ɛ͛
ƉƌŽƚŽĐŽů͘&ůƵŽƌĞƐĐĞŶĐĞǁĂƐŵĞĂƐƵƌĞĚǁŝƚŚĂŶĞǆĐŝƚĂƟŽŶĂƚϯϱϱŶŵĂŶĚĞŵŝƐƐŝŽŶĂƚϰϲϬŶŵ
90
Chapter 4
ŽŶĂ&ůƵŽƌŽƐŬĂŶƐĐĞŶƚ&>DŝĐƌŽƉůĂƚĞ&ůƵŽƌŽŵĞƚĞƌ;dŚĞƌŵŽ&ŝƐŚĞƌ^ĐŝĞŶƟĮĐͿ͘&ůƵŽƌĞƐĐĞŶĐĞ
ǁĂƐƵƐĞĚƐŝŶĐĞŝƚŝƐĂŵŽƌĞƐĞŶƐŝƟǀĞŵĞƚŚŽĚĐŽŵƉĂƌĞĚƚŽůŝŐŚƚĂďƐŽƌƉƟŽŶ͘
hƌŝŶĞĐŽŶĐĞŶƚƌĂƟŽŶ
Urine was collected from 20 healthy controls (males and females), with no known 
kidney disease and aged between 21 and 50 years. First morning midstream urine was 
ĐŽůůĞĐƚĞĚ͕ĂŶĚĚŝƌĞĐƚůǇƉƌŽƚĞĂƐĞ ŝŶŚŝďŝƚŽƌƐǁĞƌĞĂĚĚĞĚ;ϭʅŐͬŵůWĞƉƐƚĂƟŶ͕ϭϮ͘ϱʅŐͬ
ŵů>ĞƵƉĞƉƟŶ͕ϭŵDWD^&Ϳ͘hƌŝŶĞƐĂŵƉůĞƐǁĞƌĞĐĞŶƚƌŝĨƵŐĞĚĨŽƌϮŵŝŶƵƚĞƐĂƚϮϬϬŐ to 
ƌĞŵŽǀĞĂƉŽƉƚŽƟĐĐĞůůƐ͘ƌĞĂƟŶŝŶĞŝŶƵƌŝŶĞǁĂƐŵĞĂƐƵƌĞĚƵƐŝŶŐƚŚĞ:ĂīĞŵĞƚŚŽĚ;>dͲ^z^͕
>ĂďŽƌƚĞĐŚŶŝŬ͕ĞƌůŝŶ͕'ĞƌŵĂŶǇͿ͘dŚĞĂŵŽƵŶƚŽĨƵƐĞĚƐĂŵƉůĞǁĂƐĐŽƌƌĞĐƚĞĚĂĐĐŽƌĚŝŶŐ
ƚŽ ĐƌĞĂƟŶŝŶĞ ůĞǀĞůƐ ĂŶĚ ĐŽŶĐĞŶƚƌĂƚĞĚ ƚŽ ƐŝŵŝůĂƌ ǀŽůƵŵĞƐ͕ ƐŽ ƚŚĞ ĐŽŶĐĞŶƚƌĂƟŶŐ ĨĂĐƚŽƌ
ǁŽƵůĚďĞ ƐŝŵŝůĂƌ͘  /Ŷ ƚŚĞ ĐĂƐĞŽĨ &ŝŐƵƌĞϱĂ͕ƵƌŝŶĞǁĂƐ ĐŽŶĐĞŶƚƌĂƚĞĚϮǆŵŽƌĞ ƚŚĂŶ ƚŚĞ
ƐĂŵƉůĞďĞĨŽƌĞ͘ĞŶƚƌŝĨƵŐĂůĮůƚĞƌƵŶŝƚƐ;ŵŝĐŽŶΠhůƚƌĂϰͲ<͕ϭϬ<͕DŝůůŝƉŽƌĞͿǁĞƌĞƵƐĞĚĨŽƌ
ĐŽŶĐĞŶƚƌĂƟŶŐ͕ĂĐĐŽƌĚŝŶŐƚŽŵĂŶƵĨĂĐƚƵƌĞƌƐ͛ƉƌŽƚŽĐŽů͘ĂĐŚƐĂŵƉůĞǁĂƐƐƉůŝƚĂŶĚĞŝƚŚĞƌ
ƵƐĞĚĨŽƌƚǁŽͲƐŝƚĞ>/^;ϭϬǆĚŝůƵƚĞĚͿŽƌĚĞŶĂƚƵƌĞĚŝŶ>ĂĞŵŵůŝ͕ĐŽŶƚĂŝŶŝŶŐϭϬϬŵDdd
ĨŽƌϯϬŵŝŶƵƚĞƐĂƚϯϳΣĂŶĚƐƵďƐĞƋƵĞŶƚůǇƐƵďũĞĐƚĞĚƚŽ^^ͲW'͘KŶĞƵƌŝŶĞƐĂŵƉůĞǁĂƐ
discarded due to technical failure of that immunoblot. To determine if freezing-thawing 
ǁŽƵůĚ ŝŶŇƵĞŶĐĞ ƚŚĞŵĞĂƐƵƌĞŵĞŶƚƐ ŝŶ ƚŚĞ ƚǁŽͲƐŝƚĞ ŬůŽƚŚŽ >/^͕ ĨŽƵƌ ƵƌŝŶĞ ƐĂŵƉůĞƐ
were split into two treatments, where half the volume was frozen at -20°C and the other 
ǀŽůƵŵĞǁĂƐŬĞƉƚĂƚϰΣ͘^ƵďƐĞƋƵĞŶƚůǇ͕ ƵƌŝŶĞǁĂƐĐŽŶĐĞŶƚƌĂƚĞĚĂƐĚĞƐĐƌŝďĞĚĂďŽǀĞĂŶĚ
ƐƵďũĞĐƚĞĚƚŽƚŚĞƚǁŽͲƐŝƚĞŬůŽƚŚŽ>/^͘
^ƚĂƟƐƟĐƐ
DĞĂƐƵƌĞŵĞŶƚƐ ŝŶ ƚŚĞ >/^ǁĞƌĞ ƉĞƌĨŽƌŵĞĚ ŝŶ ĚƵƉůŝĐĂƚĞ͘ dŚĞ ƐƚĂŶĚĂƌĚ ĐƵƌǀĞƐǁĞƌĞ
ĂƉƉƌŽǆŝŵĂƚĞĚĂƐ ĨŽƵƌƉĂƌĂŵĞƚĞƌ ůŽŐŝƐƟĐĐƵƌǀĞ͘ĂƚĂŽĨ ƚŚĞƐĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶŽĨƚŚĞ
ƵƌŝŶĞ ĐŽŶĐĞŶƚƌĂƟŽŶ ŝŵŵƵŶŽďůŽƚ ĂŶĚ ƚŚĞ ĂƐƐŽĐŝĂƟŽŶ ŽĨ >/^ ĂŶĚ ŝŵŵƵŶŽďůŽƚǁĞƌĞ
ĂŶĂůǇǌĞĚƵƐŝŶŐůŝŶĞĂƌƌĞŐƌĞƐƐŝŽŶŝŶ'ƌĂƉŚWĂĚWƌŝƐŵ͕ǀĞƌƐŝŽŶϲ͘Ϭ͘
Results
ŚŝĐŬĞŶĂŶĚƌĂďďŝƚĂŶƟďŽĚŝĞƐĚĞƚĞĐƚƌŚŬůŽƚŚŽŽŶŝŵŵƵŶŽďůŽƚ
/ŵŵƵŶŽďůŽƚĂŶĂůǇƐŝƐĨŽƌŬůŽƚŚŽĞǆƉƌĞƐƐŝŽŶǁĂƐƉĞƌĨŽƌŵĞĚƚŽĂĚĚƌĞƐƐƚŚĞƐƉĞĐŝĮĐŝƚǇŽĨ
ƚŚĞƉƌŽĚƵĐĞĚĂŶƟďŽĚŝĞƐ;&ŝŐƵƌĞϮͿ͘ZŚŬůŽƚŚŽ͕ŽƌĐĞůů ůǇƐĂƚĞƐŽĨŶŽŶͲƚƌĂŶƐĨĞĐƚĞĚ͕ŵŽĐŬ
;ĞŵƉƚǇƉ'&WͲEϯǀĞĐƚŽƌͿ͕ŵŽƵƐĞŬůŽƚŚŽͲ'&WŽƌŚƵŵĂŶŬůŽƚŚŽƚƌĂŶƐĨĞĐƚĞĚ,<ϮϵϯĐĞůůƐ
ǁĞƌĞ ƐƵďũĞĐƚĞĚ ƚŽ ŝŵŵƵŶŽďůŽƫŶŐ͕ ĂŌĞƌǁŚŝĐŚ ƚŚĞĚŝīĞƌĞŶƚ ĂŶƟďŽĚŝĞƐǁĞƌĞ ƚĞƐƚĞĚ͘
ůƚŚŽƵŐŚĂůůƚŚĞĂŶƟďŽĚŝĞƐƌĂŝƐĞĚŝŶĐŚŝĐŬĞŶ͕ĞǆĐĞƉƚϭ͕ƌĞĐŽŐŶŝǌĞĚƌŚŬůŽƚŚŽ͕ƚŚĞǇǁĞƌĞ
unable to detect human or mouse klotho in klotho-transfected HEK293 cells (Figure 2a). 
dŚĞƌĂďďŝƚĂŶƟͲŬůŽƚŚŽĂŶƟďŽĚŝĞƐǁĞƌĞĂďůĞƚŽŝĚĞŶƟĨǇƌŚŬůŽƚŚŽĂƐǁĞůů;&ŝŐƵƌĞϮďͿ͘dŚĞ
Zϱ ĂŶƟďŽĚǇ ƌĞĐŽŐŶŝǌĞĚŵŽƵƐĞ ŬůŽƚŚŽ͕ ďƵƚ ŶŽƚ ŚƵŵĂŶ ŬůŽƚŚŽ͘ ŶƟďŽĚŝĞƐ Zϲ ĂŶĚ Zϴ
ĚĞƚĞĐƚĞĚŚƵŵĂŶŬůŽƚŚŽĂŶĚƚŚĞZZĂŶƟďŽĚǇŝĚĞŶƟĮĞĚďŽƚŚŚƵŵĂŶŬůŽƚŚŽĂŶĚŵŽƵƐĞ
ŬůŽƚŚŽͲ'&WŝŶĐĞůůůǇƐĂƚĞƐŽŶŝŵŵƵŶŽďůŽƚ͘
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&ŝŐƵƌĞϮͮ/ŵŵƵŶŽďůŽƚƐŽĨƚŚĞĚŝīĞƌĞŶƚĐŚŝĐŬĞŶĂŶĚƌĂďďŝƚĂŶƟͲŬůŽƚŚŽĂŶƟďŽĚŝĞƐ͘ HEK293 cells were 
ĞŝƚŚĞƌŶŽŶͲƚƌĂŶƐĨĞĐƚĞĚŽƌƚƌĂŶƐĨĞĐƚĞĚǁŝƚŚŵŽĐŬ͕ŚƵŵĂŶŬůŽƚŚŽ;ŚŬůŽƚŚŽͿŽƌŵŽƵƐĞŬůŽƚŚŽͲ'&W;ŵŬůŽƚŚŽͿ͘
ϯϬŶŐŽƌϬ͘ϭʅŐƌĞĐŽŵďŝŶĂŶƚŚƵŵĂŶŬůŽƚŚŽ;ƌŚŬůŽƚŚŽͿĂŶĚƚŚĞĐĞůůůǇƐĂƚĞƐĂŵƉůĞƐǁĞƌĞƐƵďũĞĐƚĞĚƚŽƚŚĞ
ŝŵŵƵŶŽďůŽƚĂŶĚŝŶĐƵďĂƚĞĚǁŝƚŚƚŚĞĚŝīĞƌĞŶƚĐŚŝĐŬĞŶ;A) and rabbit (BͿĂŶƟďŽĚŝĞƐ͘
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Chapter 4
^ĞǀĞƌĂůĂŶƟďŽĚŝĞƐƌĞƐƉŽŶĚƚŽƌŚŬůŽƚŚŽŝŶŽŶĞͲƐŝƚĞŬůŽƚŚŽ>/^
ůůĂŶƟďŽĚŝĞƐƌĞĐŽŐŶŝǌĞĚƚŚĞŝƌĐŽƌƌĞƐƉŽŶĚŝŶŐƉĞƉƟĚĞǀŝĂĂŽŶĞͲƐŝƚĞ>/^͕ǁŚĞƌĞƚŚĞ
ƉĞƉƟĚĞǁĂƐĐŽĂƚĞĚŽŶƚŚĞϵϲͲǁĞůůƉůĂƚĞ;ĚĂƚĂŶŽƚƐŚŽǁŶͿ͘dŽĚĞƚĞƌŵŝŶĞŝĨƚŚĞĂŶƟďŽĚŝĞƐ͕
ďĞƐŝĚĞƐƚŚĞƉĞƉƟĚĞ͕ĚĞƚĞĐƚĞĚĨƵůůͲůĞŶŐƚŚŚƵŵĂŶŬůŽƚŚŽŝŶĂŶ>/^ƐĞƫŶŐĂƐǁĞůů͕ĂŽŶĞͲ
ƐŝƚĞ>/^ǁĂƐƉĞƌĨŽƌŵĞĚǁŚĞƌĞƚŚĞĂŶƟďŽĚŝĞƐǁĞƌĞĐĂƉƚƵƌŝŶŐƌŚŬůŽƚŚŽ;&ŝŐƵƌĞϯͿ͘&Žƌ
ƚŚĞĐŚŝĐŬĞŶĂŶƟďŽĚŝĞƐ͕ĂŶƟďŽĚǇϵĂŶĚZƉƌĞƐĞŶƚĞĚƚŚĞďĞƐƚƐŝŐŶĂů;&ŝŐƵƌĞϯĂͿ͘^ ĞǀĞƌĂů
ƌĂďďŝƚĂŶƟďŽĚŝĞƐĚĞŵŽŶƐƚƌĂƚĞĚĂƉŽƐŝƟǀĞƌĞƐƉŽŶƐĞŝŶƚŚĞŽŶĞͲƐŝƚĞ>/^͕ŶĂŵĞůǇZϲ͕Zϳ͕
ZϵĂŶĚZZ;&ŝŐƵƌĞϯďͿ͘dŚĞƐĞĂŶƟďŽĚŝĞƐǁĞƌĞĨƵƌƚŚĞƌĐŚĂƌĂĐƚĞƌŝǌĞĚŝŶƚŚĞƚǁŽͲƐŝƚĞ>/^͘
^ĞůĞĐƟŶŐĂŶƟďŽĚŝĞƐĨŽƌƚŚĞƚǁŽͲƐŝƚĞ>/^
Next, ĚŝīĞƌĞŶƚŽƉƟŽŶƐǁĞƌĞĞǆƉůŽƌĞĚƚŽŝĚĞŶƟĨǇƚŚĞŽƉƟŵĂůĐŽŵďŝŶĂƟŽŶŽĨĂcatching 
ĂŶƟďŽĚǇĂŶĚƚƌĂƉƉŝŶŐĂŶƟďŽĚǇƚŽĚĞƚĞĐƚŬůŽƚŚŽŝŶƚŚĞƚǁŽͲƐŝƚĞ>/^͘dŚĞƚǁŽĐŚŝĐŬĞŶ
ĂŶĚ ĨŽƵƌ ƌĂďďŝƚ ĂŶƟďŽĚŝĞƐ ƚŚĂƚ ƐŚŽǁĞĚ ƚŚĞŚŝŐŚĞƐƚ ƌĞƐƉŽŶƐĞ ĂŐĂŝŶƐƚ ƌŚŬůŽƚŚŽ ŝŶ ƚŚĞ
ŽŶĞͲƐŝƚĞ>/^ǁĞƌĞĐŽŵďŝŶĞĚ͘/ŶĂĚĚŝƟŽŶ͕ŐƵĂŶŝĚŝŶĞͲ,>ǁĂƐĂĚĚĞĚ͕ǁŚŝĐŚĚĞŶĂƚƵƌĞƐ
ƚŚĞ ƉƌŽƚĞŝŶ ĂŶĚ ĐŽŶƐĞƋƵĞŶƚůǇ ƉŽƚĞŶƟĂůůǇ ƌĞǀĞĂůƐ ŚŝĚĚĞŶ ĞƉŝƚŽƉĞƐ͘ Ɛ ŽďƐĞƌǀĞĚ ŝŶ
&ŝŐƵƌĞϰ͕ƚŚĞĂĚĚŝƟŽŶŽĨŐƵĂŶŝĚŝŶĞͲ,>ŽŌĞŶŝŶĐƌĞĂƐĞĚƚŚĞƐŝŐŶĂůŽĨƚŚĞƚǁŽͲƐŝƚĞ>/^͘
DŽƌĞŽǀĞƌ͕ ƚŚĞƌĞƐƉŽŶƐĞǁĂƐŚŝŐŚĞƐƚŝŶƚŚĞ>/^ǁŚĞŶZǁĂƐƵƐĞĚĂƐĐĂƚĐŚŝŶŐĂŶƟďŽĚǇ
ĂŶĚZZŽƌZϵĂƐƚƌĂƉƉŝŶŐĂŶƟďŽĚǇ;&ŝŐƵƌĞϰĂĂŶĚďͿ͘dŚĞĮƌƐƚĐŽŵďŝŶĂƟŽŶĚĞŵŽŶƐƚƌĂƚĞĚ
ƚŚĞŚŝŐŚĞƐƚƐŝŐŶĂůĂŐĂŝŶƐƚƌŚŬůŽƚŚŽ͘dŚĞŶĞŐĂƟǀĞĐŽŶƚƌŽůĚĞƐŝŐŶ͕ǁŚĞƌĞϵǁĂƐƵƐĞĚĂƐ
ĐĂƚĐŚŝŶŐĂŶƟďŽĚǇĂŶĚZϵĂƐƚƌĂƉƉŝŶŐĂŶƟďŽĚǇ͕ ƐŽďŽƚŚĂŶƟďŽĚŝĞƐĚŝƌĞĐƚĞĚĂƚƚŚĞƐĂŵĞ
ƉŽƐŝƟŽŶ͕ƐŚŽǁĞĚŶŽƌĞƐƉŽŶƐĞƚŽƌŚŬůŽƚŚŽ͕ĂƐĞǆƉĞĐƚĞĚ;&ŝŐƵƌĞϰĨͿ͘
Figure 3 | KŶĞͲƐŝƚĞ>/^ĨŽƌƚŚĞĚŝīĞƌĞŶƚĐŚŝĐŬĞŶĂŶĚƌĂďďŝƚĂŶƟďŽĚŝĞƐ͘ϵϲͲǁĞůůƉůĂƚĞǁĂƐĐŽĂƚĞĚǁŝƚŚ
ĂŶƟͲĐŚŝĐŬĞŶŽƌĂŶƟͲƌĂďďŝƚĂŶƟďŽĚǇĂŶĚƐƵďƐĞƋƵĞŶƚůǇǁŝƚŚƚŚĞĚŝīĞƌĞŶƚĂŶƟďŽĚŝĞƐƉƌŽĚƵĐĞĚŝŶĐŚŝĐŬĞŶ
(A) and rabbit (BͿ͘dŚĞƌĞĂŌĞƌĚŝīĞƌĞŶƚĐŽŶĐĞŶƚƌĂƟŽŶƐŽĨďŝŽƟŶǇůĂƚĞĚͲŬůŽƚŚŽǁĞƌĞŝŶĐƵďĂƚĞĚĂŶĚĮŶĂůůǇ
HRP-conjugated streptavidin was added and the signal was measured at 492 nm. 
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hƌŝŶĂƌǇŬůŽƚŚŽĚĞƚĞĐƟŽŶǁŝƚŚƚǁŽͲƐŝƚĞ>/^ĂŶĚŝŵŵƵŶŽďůŽƚ
^ƵďƐĞƋƵĞŶƚůǇ͕  ƚŚĞĚĞƚĞĐƟŽŶŽĨ ŬůŽƚŚŽ ŝŶŚƵŵĂŶƵƌŝŶĞǁŝƚŚ ƚŚĞ ƚǁŽͲƐŝƚĞ ŬůŽƚŚŽ>/^
ǁĂƐ ĞǆĂŵŝŶĞĚ͕ ƵƐŝŶŐ ĂŶƟďŽĚŝĞƐ Z ĂŶĚZZ͘ dŚĞ ĂĚǀĂŶƚĂŐĞŽĨ ƵƌŝŶĞ ŝƐ ƚŚĞƉŽƐƐŝďŝůŝƚǇ
ƚŽ ĐŽŶĐĞŶƚƌĂƚĞ ƚŚĞ ƐĂŵƉůĞ ƌĞƐƵůƟŶŐ ŝŶŚŝŐŚĞƌ ĐŽŶĐĞŶƚƌĂƟŽŶƐŽĨ ŬůŽƚŚŽĂŶĚĚĞƚĞĐƟŶŐ
ŬůŽƚŚŽŽŶŝŵŵƵŶŽďůŽƚ͘ŌĞƌĐŽŶĐĞŶƚƌĂƟŶŐƚŚĞƐĂŵƉůĞ͕ƚŚĞƌĞǁĂƐĂůŝŶĞĂƌŝŶĐƌĞĂƐĞŽŶ
immunoblot for full-length klotho (r2 is 0.97), while for KL2 this was less clear (r2 is 0.34, 
&ŝŐƵƌĞϱĂĂŶĚďͿ͘^ƵďƐĞƋƵĞŶƚůǇ͕ ĮƌƐƚŵŽƌŶŝŶŐŵŝĚƐƚƌĞĂŵƵƌŝŶĞŽĨĨŽƵƌŚĞĂůƚŚǇĐŽŶƚƌŽůƐ
ǁĂƐ ĐŽŶĐĞŶƚƌĂƚĞĚ ϭϳ ƟŵĞƐ ĂŶĚ ƐƵďũĞĐƚĞĚ ďŽƚŚ ƚŽ ŝŵŵƵŶŽďůŽƚ ĂŶĚ ƚǁŽͲƐŝƚĞ >/^͘
,ƵŵĂŶŬůŽƚŚŽǁĂƐĚĞƚĞĐƚĞĚŝŶƐĂŵƉůĞƚǁŽĂŶĚƚŚƌĞĞǁŝƚŚƚŚĞƚǁŽͲƐŝƚĞ>/^͕ǁŚŝĐŚŝƐ
ŝŶĂŐƌĞĞŵĞŶƚǁŝƚŚŚŝŐŚĞƐƚĂŵŽƵŶƚƐŽĨŬůŽƚŚŽŝĚĞŶƟĮĞĚƵƐŝŶŐŝŵŵƵŶŽďůŽƚ;&ŝŐƵƌĞϱĐͲĞͿ͘
DŽƌĞŽǀĞƌ͕  ƚŚĞ>/^ĚĞƐŝŐŶ ŝŶ ƚŚĞĂďƐĞŶĐĞŽĨ ƚŚĞĐŚŝĐŬĞŶĂŶƟͲŬůŽƚŚŽĂŶƟďŽĚǇ͕ ĐŽƵůĚ
ǀŝƌƚƵĂůůǇŶŽƚĚĞƚĞĐƚŬůŽƚŚŽ ůĞǀĞůƐ͕ ŝŶĚŝĐĂƟŶŐƚŚĞ ůĂĐŬŽĨĂͲƐƉĞĐŝĮĐďƌŝĚŐŝŶŐ ;ǁŚŝƚĞďĂƌƐ
&ŝŐƵƌĞϱĞͿ͘EĞǆƚ͕ĮƌƐƚŵŽƌŶŝŶŐŵŝĚƐƚƌĞĂŵƵƌŝŶĞŽĨ11 healthy controls was concentrated 
50x. Samples were subjected to immunoblot and full-length klotho, KL2 and the 
ŝŶĚŝǀŝĚƵĂůůĂŶĞƐǁĞƌĞƐĞŵŝͲƋƵĂŶƟĮĞĚ;&ŝŐƵƌĞϱĨͲŝͿ͘<ůŽƚŚŽǁĂƐĚĞƚĞĐƚĞĚŝŶƚĞŶŽĨĞůĞǀĞŶ
ƐĂŵƉůĞƐǁŝƚŚƚŚĞƚǁŽͲƐŝƚĞ>/^;&ŝŐƵƌĞϱũͿ͘dŚĞƌĞǁĂƐĂůŝŶĞĂƌĐŽƌƌĞůĂƟŽŶďĞƚǁĞĞŶƚŚĞ
ƐĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶŽĨ ƚŚĞ ŝŶĚŝǀŝĚƵĂů ůĂŶĞƐ ŽĨ ƚŚĞ ŝŵŵƵŶŽďůŽƚ ĂŶĚ ƚŚĞ ƌĞƐƵůƚƐ ŽĨ ƚŚĞ
>/^ ;&ŝŐƵƌĞϱŬ͕ ƌ2 <>ϮĂŶƟďŽĚǇ͗Ϭ͘ϱϮ͕ ƌ2 ZZĂŶƟďŽĚǇ͗Ϭ͘ϲϭͿ͘ &ŝŶĂůůǇ ƚŚĞ ŝŶŇƵĞŶĐĞŽĨ
ĂĨƌĞĞǌĞͲƚŚĂǁĐǇĐůĞŽŶŬůŽƚŚŽůĞǀĞůƐŝŶƚŚĞƚǁŽͲƐŝƚĞ>/^ǁĂƐĂůƐŽƚĞƐƚĞĚŝŶĨŽƵƌƵƌŝŶĞ
ƐĂŵƉůĞƐ͘ /ŶƚǁŽƐĂŵƉůĞƐŬůŽƚŚŽůĞǀĞůƐĐŽƵůĚŶŽƚďĞŵĞĂƐƵƌĞĚ͕ǁŚŝůĞŝŶƚŚĞŽƚŚĞƌƚǁŽ
ƐĂŵƉůĞƐĂĚĞĐƌĞĂƐĞĚŬůŽƚŚŽůĞǀĞůǁĂƐŽďƐĞƌǀĞĚĂŌĞƌŽŶĞĨƌĞĞǌĞͲƚŚĂǁĐǇĐůĞ;&ŝŐƵƌĞϱůͿ͘
&ŝŐƵƌĞϰͮdǁŽͲƐŝƚĞ>/^ŽĨĚŝīĞƌĞŶƚĐŽŵďŝŶĂƟŽŶƐŽĨĐŚŝĐŬĞŶĂŶĚƌĂďďŝƚĂŶƟďŽĚŝĞƐ͘dŚĞĐŽŵƉŽƐŝƟŽŶ
ŽĨƚŚĞƚǁŽͲƐŝƚĞ>/^ŝƐĚĞƐĐƌŝďĞĚŝŶ&ŝŐƵƌĞϭ͘,ĞƌĞƚǁŽĚŝīĞƌĞŶƚĐĂƉƚƵƌĞĐŚŝĐŬĞŶĂŶƟďŽĚŝĞƐĂƌĞƵƐĞĚ͕
namely recombinant human klotho (A-DͿĂŶĚƉĞƉƟĚĞϵ;E-HͿ͘dŚŝƐ ŝƐĐŽŵďŝŶĞĚǁŝƚŚϰĚŝīĞƌĞŶƚƌĂďďŝƚ
ƚƌĂƉƉŝŶŐĂŶƟďŽĚŝĞƐ͗ƌĞĐŽŵďŝŶĂŶƚŚƵŵĂŶŬůŽƚŚŽ;A,EͿ͕ƉĞƉƟĚĞϵ;B,FͿ͕ƉĞƉƟĚĞϲ;C,GͿĂŶĚƉĞƉƟĚĞϳ;D,H). 
^ĂŵƉůĞƐǁĞƌĞƚƌĞĂƚĞĚǁŝƚŚ;ŽƉĞŶƐƋƵĂƌĞƐͿŽƌǁŝƚŚŽƵƚ;ĐůŽƐĞĚƐƋƵĂƌĞƐͿŐƵĂŶŝĚŝŶĞͲ,>͘
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Chapter 4
Discussion
/ŶƚŚŝƐƐƚƵĚǇƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨĂƚǁŽͲƐŝƚĞ>/^ĨŽƌƚŚĞĚĞƚĞĐƟŽŶŽĨŬůŽƚŚŽŝŶƵƌŝŶĞŝƐ
ĚĞƐĐƌŝďĞĚ͘ǁŝĚĞƌĂŶŐĞŽĨĚŝīĞƌĞŶƚĂŶƟďŽĚŝĞƐĂŐĂŝŶƐƚŬůŽƚŚŽǁĞƌĞŐĞŶĞƌĂƚĞĚĂŶĚƚĞƐƚĞĚ
ŽŶŝŵŵƵŶŽďůŽƚĂŶĚ>/^ĨŽƌƚŚĞŝƌĂĸŶŝƚǇĂŶĚƐƉĞĐŝĮĐŝƚǇƚŽĚĞƚĞĐƚŬůŽƚŚŽ͘ǀĞŶƚƵĂůůǇ
ŬůŽƚŚŽǁĂƐŵĞĂƐƵƌĞĚŝŶŚƵŵĂŶƵƌŝŶĞƐĂŵƉůĞƐ͕ǁŚŝĐŚƐŚŽǁĞĚĂůŝŶĞĂƌĐŽƌƌĞůĂƟŽŶǁŝƚŚ
ĞǆƉƌĞƐƐŝŽŶďǇ;ƐĞŵŝͲƋƵĂŶƟƚĂƟǀĞͿŝŵŵƵŶŽďůŽƚĂŶĂůǇƐŝƐ͘
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A two-site ELISA for klotho
4
Membrane and soluble klotho have emerged as most important factors in the 
ĚĞǀĞůŽƉŵĞŶƚĂŶĚƉƌŽŐƌĞƐƐŝŽŶŽĨ<ĂŶĚŝƚƐĐŽͲŵŽƌďŝĚŝƟĞƐ;ϱ͕ϭϮ͕ϭϴͿ͘dŚĞƌĞĨŽƌĞ͕ŬůŽƚŚŽ
ŝƐ ĐŽŶƐŝĚĞƌĞĚ ƚŽďĞĂƉƌŽŵŝƐŝŶŐ ĐĂŶĚŝĚĂƚĞďŝŽŵĂƌŬĞƌ ĨŽƌ<͘ƐĂ ƌĞƐƵůƚ͕ ƐƚƵĚŝĞƐŽŶ
ƐĞƌƵŵ ĂŶĚ ƵƌŝŶĞ ŬůŽƚŚŽ ůĞǀĞůƐ ŝŶ < ƉĂƟĞŶƚƐ ƵƐŝŶŐ ĐŽŵŵĞƌĐŝĂů ŬůŽƚŚŽ >/^ ĂƐƐĂǇƐ
have been described ever since (20,23,31-33). However, the forthcoming results are 
contradictory, since lower (31,34), normal (32,35) or higher serum klotho levels (33,36) 
ŚĂǀĞďĞĞŶŽďƐĞƌǀĞĚŝŶƉĂƟĞŶƚƐǁŝƚŚ<͘dŚĞƐĞǀĂƌǇŝŶŐƌĞƐƵůƚƐĐŽƵůĚďĞƉĂƌƚůǇĞǆƉůĂŝŶĞĚ
ďǇƚŚĞĐƵƌƌĞŶƚĐŽŵŵĞƌĐŝĂůůǇĂǀĂŝůĂďůĞŬůŽƚŚŽ>/^ĂƐƐĂǇƐ͕ǁŚŝĐŚĂƌĞŶŽƚƌĞůŝĂďůĞ;ϮϯͿ͘
/ŶĂĚĚŝƟŽŶ͕ƚŚĞƌĞŝƐĂůĂĐŬŽĨŝŶĨŽƌŵĂƟŽŶŽŶƚŚĞĂŶƟďŽĚŝĞƐƵƐĞĚ͕ŝŶĐůƵĚŝŶŐƚŚĞĞƉŝƚŽƉĞ
ŝƚŝƐĚĞƚĞĐƟŶŐ͕ĂŶĚƚŚĞƌĞĨŽƌĞŝƚŝƐŶŽƚĐůĞĂƌǁŚŝĐŚĨŽƌŵŽĨŬůŽƚŚŽŝƐŵĞĂƐƵƌĞĚ͗ĨƵůůͲůĞŶŐƚŚ
ŬůŽƚŚŽ͕<>ϭ͕<>ϮŽƌĂĐŽŵďŝŶĂƟŽŶ͘&ƵƌƚŚĞƌŵŽƌĞ͕ŝƚŝƐĚŝĸĐƵůƚƚŽĂƐĐĞƌƚĂŝŶƚŚĞƐƉĞĐŝĮĐŝƚǇ
ŽĨƚŚĞ>/^͕ĚƵĞƚŽƉŽƚĞŶƟĂůĐƌŽƐƐͲƌĞĂĐƟǀŝƚǇǁŝƚŚŽƚŚĞƌƉƌŽƚĞŝŶƐ͕ŽƌŬůŽƚŚŽĚĞŐƌĂĚĂƟŽŶ
ƉƌŽĚƵĐƚƐ͘>ĂƐƚůǇ͕ ĨƌĞĞǌŝŶŐĂŶĚƚŚĂǁŝŶŐŽĨƚŚĞƐĂŵƉůĞƐĐĂŶŝŶŇƵĞŶĐĞƚŚĞŵĞĂƐƵƌĞŵĞŶƚƐ͕
ǁŚŝĐŚǁĂƐĂůƐŽŽďƐĞƌǀĞĚŝŶŽƵƌƐƚƵĚǇ;ϮϬ͕ϮϰͿ͘DŽƌĞƌĞĐĞŶƚůǇ͕ ĂƌŬĞƌet al. developed an 
/WͲ/ĂƐƐĂǇƚŽŵĞĂƐƵƌĞƐĞƌƵŵĂŶĚƵƌŝŶĂƌǇŬůŽƚŚŽůĞǀĞůƐ;ϮϬͿ͘dŚĞĂĚǀĂŶƚĂŐĞŽĨƚŚĞ/WͲ/
ĂƐƐĂǇŽǀĞƌĂŶ>/^ĂƐƐĂǇŝƐƚŚĂƚƚŚĞĂŵŽƵŶƚŽĨŬůŽƚŚŽŝƐĞŶƌŝĐŚĞĚ͕ǁŚŝĐŚŝƐďĞŶĞĮĐŝĂů͕
ƐŝŶĐĞ;ƉƌŽďĂďůǇͿůŽǁůĞǀĞůƐŽĨŬůŽƚŚŽĂƌĞƉƌĞƐĞŶƚŝŶƵƌŝŶĞĂŶĚďůŽŽĚ͘ŶŽƚŚĞƌĂĚǀĂŶƚĂŐĞ
ŝƐ ƚŚĞ ŝŶĚŝǀŝĚƵĂů ĚĞƚĞĐƟŽŶŽĨ ƚŚĞ ǀĂƌŝŽƵƐ ŬůŽƚŚŽ ĨƌĂŐŵĞŶƚƐďĂƐĞĚŽŶ ƚŚĞŝƌ ƌĞƐƉĞĐƟǀĞ
ƐŝǌĞƐ͘dŚŝƐĐŽŶƐŝĚĞƌĂďůǇĚĞĐƌĞĂƐĞƐƚŚĞĚĞƚĞĐƟŽŶŽĨĐƌŽƐƐͲƌĞĂĐƟŶŐƉƌŽƚĞŝŶƐ͕ŝŶƉĂƌƟĐƵůĂƌ
ŬůŽƚŚŽĚĞŐƌĂĚĂƟŽŶƉƌŽĚƵĐƚƐ͘&ƵƌƚŚĞƌŵŽƌĞ͕ŬůŽƚŚŽŝƐŝƐŽůĂƚĞĚĨƌŽŵƉŽƚĞŶƟĂůůǇŝŶƚĞƌĨĞƌŝŶŐ
ƐƵďƐƚĂŶĐĞƐ ŝŶ ƚŚĞ ŽƌŝŐŝŶĂů ŵĞĚŝƵŵ ƵƐŝŶŐ /WͲ/͘ >ĂƐƚůǇ͕  ĂƌŬĞƌ et al. suggested that 
ĨƌĞĞǌŝŶŐĂŶĚƚŚĂǁŝŶŐŚĂǀĞůĞƐƐŝŶŇƵĞŶĐĞŽŶƚŚĞĚĞƚĞĐƟŽŶŽĨŬůŽƚŚŽǁŝƚŚ/WͲ/ĐŽŵƉĂƌĞĚ
ƚŽ>/^;ϮϬͿ͘KŶƚŚĞĐŽŶƚƌĂƌǇ͕ >/^ŝƐůĞƐƐůĂďŽƌŝŽƵƐ͕ĂŶĚƚŚĞƌĞĨŽƌĞŵŽƌĞƐĂŵƉůĞƐĐĂŶ
ďĞ ƚĞƐƚĞĚĂƚŽŶĐĞ͘ /ŶĂĚĚŝƟŽŶ͕ ŝƚ ŝƐŵŽƌĞĂĐĐĞƐƐŝďůĞ ĨŽƌ ůĂƌŐĞĐůŝŶŝĐĂů ƐƚƵĚŝĞƐĂŶĚ ŝŶĂ
ĐůŝŶŝĐĂůůĂďŽƌĂƚŽƌǇ͘/ŶƚŚŝƐƐƚƵĚǇ͕ ĂůŵŽƐƚĂůůĂŶƟďŽĚŝĞƐǁĞƌĞŐĞŶĞƌĂƚĞĚƵƐŝŶŐƉĞƉƟĚĞƐ͕ƚŽ
ĚŝƐƟŶŐƵŝƐŚďĞƚǁĞĞŶƚŚĞĚĞƚĞĐƚĞĚĚŽŵĂŝŶƐ;<>ϭŽƌ<>ϮͿ͘&ƵƌƚŚĞƌŵŽƌĞ͕ƐŝŶĐĞŝŶƚŚĞƚǁŽͲ
ƐŝƚĞ>/^ĚĞƐŝŐŶƚǁŽĂŶƟďŽĚŝĞƐĂƌĞƵƐĞĚƚŽĚĞƚĞĐƚŬůŽƚŚŽ͕ƚŚĞĂƐƐĂǇĐĂŶĚŝƐĐƌŝŵŝŶĂƚĞ
ф&ŝŐƵƌĞϱͮ<ůŽƚŚŽĚĞƚĞĐƟŽŶŝŶƵƌŝŶĞǀŝĂŝŵŵƵŶŽďůŽƚĂŶĚƚǁŽͲƐŝƚĞ>/^͘ (AͿZĞƉƌĞƐĞŶƚĂƟǀĞŝŵŵƵŶŽďůŽƚ
ƵƐŝŶŐ<DϮϭϭϵĂŶƟďŽĚǇƚŽĚĞƚĞĐƚŬůŽƚŚŽŝŶƚŚĞƵƌŝŶĞ͕ǁŚĞƌĞƚŚĞƵƌŝŶĞĐŽŶĐĞŶƚƌĂƟŶŐĨĂĐƚŽƌŝƐŝŶĐƌĞĂƐŝŶŐ͘;B) 
^ĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶŽĨƚŚĞŝŵŵƵŶŽďůŽƚŝŶ͘>ŝŶĞĂƌƌĞŐƌĞƐƐŝŽŶĨŽƌĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽ;ƌ2=0.97) and KL2 (r2=0.34). 
ǀĞƌĂŐĞ ц ^D ;C) Urine of four healthy controls was concentrated and subjected to immunoblot using 
<DϮϭϭϵĂŶƟďŽĚǇ͘ ;DͿ^ ĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶŽĨŝŵŵƵŶŽďůŽƚŝŶǁŝƚŚĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽ;ďůĂĐŬďĂƌƐͿ͕<>Ϯ;ƐƚƌŝƉĞĚ
bars) and the individual lane (white bars). (EͿ^ĂŵĞƐĂŵƉůĞƐĂƐŝŶǁĞƌĞƵƐĞĚĨŽƌƚŚĞƚǁŽͲƐŝƚĞ>/^͕ƵƐŝŶŐZ
ĂƐĐĂƚĐŚŝŶŐĂŶƟďŽĚǇĂŶĚZZĂƐƚƌĂƉƉŝŶŐĂŶƟďŽĚǇ;ďůĂĐŬďĂƌƐͿ͘ůƐŽƚŚĞĞŵƉƚǇĚĞƐŝŐŶǁĂƐƵƐĞĚ;ǁŚŝƚĞďĂƌƐͿ
ǁŚĞƌĞƚŚĞĐĂƚĐŚŝŶŐĂŶƟďŽĚǇǁĂƐŶŽƚŝŶĐůƵĚĞĚŝŶƚŚĞ>/^͘;F, HͿhƌŝŶĞƐĂŵƉůĞƐŽĨĞůĞǀĞŶĚŝīĞƌĞŶƚŚĞĂůƚŚǇ
ĐŽŶƚƌŽůƐǁĞƌĞĐŽŶĐĞŶƚƌĂƚĞĚĂŶĚĚĞƚĞĐƚĞĚǁŝƚŚ<DϮϭϭϵĂŶƟďŽĚǇ;FͿŽƌZZĂŶƟďŽĚǇ;H) on immunoblot. (G,I) 
^ĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶŽĨ&Žƌ,ƌĞƐƉĞĐƟǀĞůǇ͕ ǁŚĞƌĞƚŚĞďůĂĐŬďĂƌƌĞƉƌĞƐĞŶƚƐƚŚĞĨƵůůͲůĞŶŐƚŚďĂŶĚ͕ƚŚĞƐƚƌŝƉĞĚďĂƌ
the KL2 band and the white bar the individual lane. (J) Same samples as F and H, measured in the two-site 
>/^ƵƐŝŶŐZĂƐĐĂƚĐŚŝŶŐĂŶĚZZĂƐƚƌĂƉƉŝŶŐĂŶƟďŽĚǇ͘ ;KͿ>ŝŶĞĂƌƌĞŐƌĞƐƐŝŽŶďĞƚǁĞĞŶƐĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶ
ŽĨŝŶĚŝǀŝĚƵĂůůĂŶĞƐŽĨ'ĂŶĚ/ǁŝƚŚƚŚĞƌĞƐƵůƚƐŽĨƚŚĞŬůŽƚŚŽ>/^ĨƌŽŵ&ŝŐƵƌĞ:͘ŶƟďŽĚǇ<>Ϯ;ďůĂĐŬƌŽƵŶĚƐͿ
demonstrated a r2ŽĨϬ͘ϱϮĂŶĚƚŚĞZZĂŶƟďŽĚǇ;ďůĂĐŬƐƋƵĂƌĞƐͿĂŶƌ2 of 0.61. (LͿsŽůƵŵĞŽĨƵƌŝŶĞƐĂŵƉůĞƐǁĂƐ
ƐƉůŝƚŝŶƚŽƚǁŽ͕ǁŚĞƌĞϭƉĂƌƚǁĂƐƐƵďũĞĐƚĞĚƚŽĂĨƌĞĞǌĞͲƚŚĂǁĐǇĐůĞ͘^ƵďƐĞƋƵĞŶƚůǇƐĂŵƉůĞƐǁĞƌĞĐŽŶĐĞŶƚƌĂƚĞĚ
ĂŶĚŵĞĂƐƵƌĞĚŝŶƚŚĞƚǁŽͲƐŝƚĞ>/^ƵƐŝŶŐZĂŶĚZZĂƐĐĂƚĐŚŝŶŐĂŶĚƚƌĂƉƉŝŶŐĂŶƟďŽĚŝĞƐ͕ƌĞƐƉĞĐƟǀĞůǇ͘
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Chapter 4
ďĞƚǁĞĞŶĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽŽƌ<>ϭĂŶĚ<>ϮĨƌĂŐŵĞŶƚƐ͕ďǇĐŽŵďŝŶŝŶŐĂĐĂƚĐŚŝŶŐĂŶƟďŽĚǇ
ĂŐĂŝŶƐƚ<>ϭĂŶĚĂƚƌĂƉƉŝŶŐĂŶƟďŽĚǇĂŐĂŝŶƐƚ<>Ϯ͘
Ɛ ƐŚŽǁŶ ŝŶ &ŝŐƵƌĞϮ͕ ŶŽƚ Ăůů ĂŶƟďŽĚŝĞƐǁĞƌĞ ĂďůĞ ƚŽĚĞƚĞĐƚ ŬůŽƚŚŽ ŝŶ ĐĞůů ůǇƐĂƚĞƐŽƌ
ƌŚŬůŽƚŚŽǀŝĂŝŵŵƵŶŽďůŽƚ͘^ŝŶĐĞŵŽƐƚŽĨĂŶƟďŽĚŝĞƐǁĞƌĞƉƌŽĚƵĐĞĚĂŐĂŝŶƐƚƉĞƉƟĚĞƐ͕ƚŚĞ
ĞƉŝƚŽƉĞƐĐŽƵůĚďĞŚŝĚĚĞŶŝŶƚŚĞƋƵĂƚĞƌŶĂƌǇƐƚƌƵĐƚƵƌĞŽĨƚŚĞǁŚŽůĞŝŶƚĂĐƚŬůŽƚŚŽƉƌŽƚĞŝŶ
ŽƌĚƵĞƚŽƉŽƐƚͲƚƌĂŶƐůĂƟŽŶĂůŵŽĚŝĮĐĂƟŽŶƐůŝŬĞŐůǇĐŽƐǇůĂƟŽŶ͘^ ƚƌŝŬŝŶŐůǇ͕ ƚŚĞĂŶƟďŽĚŝĞƐƚŚĂƚ
ĚĞƚĞĐƚĞĚŚƵŵĂŶŽƌŵŽƵƐĞŬůŽƚŚŽŽŶŝŵŵƵŶŽďůŽƚĂŶĚƚŚĞĂŶƟďŽĚŝĞƐƚŚĂƚĚĞŵŽŶƐƚƌĂƚĞĚ
ƚŚĞŚŝŐŚĞƐƚ ƌĞƐƉŽŶƐĞĂŐĂŝŶƐƚŬůŽƚŚŽ ŝŶ ƚŚĞŽŶĞƐŝƚĞ>/^͕ǁŚĞƌĞƚŚĞĂŶƟďŽĚŝĞƐ ĨƌŽŵ
ĞƉŝƚŽƉĞƐůŽĐĂƚĞĚŶĞĂƌŽƌŝŶƚŚĞ<>ϮĨƌĂŐŵĞŶƚ͕ďĞƐŝĚĞƐƚŚĞƌŚŬůŽƚŚŽŐĞŶĞƌĂƚĞĚĂŶƟďŽĚŝĞƐ͘
dŚŝƐ ŝŶĚŝĐĂƚĞƐ ƚŚĂƚ ƚŚĞ <>Ϯ ƉĂƌƚ ŝƐ ďĞƩĞƌ ĂĐĐĞƐƐŝďůĞ ĨŽƌ ƚŚĞ ĂŶƟďŽĚŝĞƐ ĂŶĚ ƚŚĞƌĞĨŽƌĞ
ŵŽƌĞ ŝŵŵƵŶŽŐĞŶŝĐ͘ Ɛ ƐŚŽǁŶ ŝŶ &ŝŐƵƌĞ ϰĂ͕ ƚŚĞ ĂŶƟďŽĚŝĞƐ ŐĞŶĞƌĂƚĞĚ ǁŝƚŚ ƌŚŬůŽƚŚŽ
ƉƌŽĚƵĐĞĚƚŚĞďĞƐƚĐŽŵďŝŶĂƟŽŶƐĨŽƌƚŚĞƚǁŽͲƐŝƚĞ>/^͘ŽŶƐĞƋƵĞŶƚůǇ͕  ŝƚ ŝƐĚŝĸĐƵůƚ ƚŽ
ĚĞƚĞƌŵŝŶĞǁŚŝĐŚ ŬůŽƚŚŽ ĨƌĂŐŵĞŶƚƐ ĂƌĞŵĞĂƐƵƌĞĚ ŝŶ ƚŚŝƐ >/^͕ ƐŝŶĐĞ ŝƚ ŝƐ ŶŽƚ ŬŶŽǁŶ
ƚŽǁŚŝĐŚĚŽŵĂŝŶƐ ƚŚĞƐĞĂŶƟďŽĚŝĞƐďŝŶĚĞǆĂĐƚůǇ͘ŶŽƚŚĞƌ ŝŵƉŽƌƚĂŶƚƉŽŝŶƚ ŝƐ ƚŚĂƚ ƚŚĞ
ĂŶƟďŽĚŝĞƐƵƐĞĚŚĞƌĞĂƌĞƉŽůǇĐůŽŶĂůĂŶƟďŽĚŝĞƐ͕ĂŶĚƚŚĞƌĞĨŽƌĞĚŝīĞƌĞŶƚƉĂƌƚƐŽĨŬůŽƚŚŽ
ĂŶĚͬŽƌƉĞƉƟĚĞƐǁŝůůďĞƌĞĐŽŐŶŝǌĞĚ͘
^ĞǀĞƌĂůƉŽƐƐŝďŝůŝƟĞƐŵĂǇĞǆƉůĂŝŶƚŚĞŐĞŶĞƌĂůĚŝƐĐƌĞƉĂŶĐǇďĞƚǁĞĞŶ>/^ĂŶĚŝŵŵƵŶŽďůŽƚ
ƌĞƐƵůƚƐ͘KŶĞĚŝīĞƌĞŶĐĞŝƐƚŚĞƵƐĞŽĨƚǁŽĂŶƟďŽĚŝĞƐŝŶƚŚĞ>/^͕ǁŚŝůĞƚŚĞŝŵŵƵŶŽďůŽƚ
ŚĂƐŽŶĞ͘DŽƌĞŽǀĞƌ͕ ƉƌŽƚĞŝŶƐĂƌĞĚĞŶĂƚƵƌĞĚĚƵƌŝŶŐŝŵŵƵŶŽďůŽƫŶŐĂŶĚƚŚĞƌĞĨŽƌĞŽƚŚĞƌ
ĞƉŝƚŽƉĞƐĂƌĞĂĐĐĞƐƐŝďůĞ͕ǁŚĞƌĞĂƐŝŶƚŚĞ>/^͕ƉƌŽƚĞŝŶƐĂƌĞŝŶƚŚĞŝƌŶĂƟǀĞĨŽƌŵ͘dŚŝƐǁĂƐ
ƚĞƐƚĞĚďǇƚƌĞĂƟŶŐ>/^ƐĂŵƉůĞƐǁŝƚŚŐƵĂŶŝĚŝŶĞͲ,>͕ĂĐŚĞŵŝĐĂůƚŚĂƚĚĞŶĂƚƵƌĞƐƉƌŽƚĞŝŶƐ͘
/ŶĚĞĞĚĂůŵŽƐƚĂůůĐŽŵďŝŶĂƟŽŶƐŝŶ&ŝŐƵƌĞϰƐŚŽǁĞĚĂŚŝŐŚĞƌƌĞƐƉŽŶƐĞƚŽŬůŽƚŚŽ͘,ŽǁĞǀĞƌ͕ 
ƐĂŵƉůĞƐƚƌĞĂƚĞĚǁŝƚŚŐƵĂŶŝĚŝŶĞͲ,>ŚĂǀĞƚŽďĞĚŝůƵƚĞĚ͕ĂƐĐŽŶƐĞƋƵĞŶƚůǇĂŶƟďŽĚŝĞƐǁŝůů
ĚĞŶĂƚƵƌĞĂƐǁĞůů͕ƌĞƐƵůƟŶŐŝŶŶŽŵŽƌĞďŝŶĚŝŶŐƚŽƚŚĞŬůŽƚŚŽŵŽůĞĐƵůĞ͘^ŝŶĐĞĚĞƚĞĐƟŽŶ
ůĞǀĞůƐŝŶŽƵƌƚǁŽͲƐŝƚĞ>/^ǁĞƌĞĂůƌĞĂĚǇůŽǁŝŶƵƌŝŶĞƐĂŵƉůĞƐ͕ŵŽƌĞĚŝůƵƟŽŶǁŽƵůĚůĞĂĚ
ƚŽůĞǀĞůƐďĞůŽǁƚŚĞĚĞƚĞĐƟŽŶůŝŵŝƚ͕ĞƐƉĞĐŝĂůůǇĨŽƌ<ƉĂƟĞŶƚƐ͕ǁŚŽŐĞŶĞƌĂůůǇŚĂǀĞůŽǁĞƌ
values. The next step is to measure klotho in serum samples. However, preliminary results 
ŝŶŽƵƌůĂďŽƌĂƚŽƌǇŝŶĚŝĐĂƚĞƚŚĂƚƚŚŝƐǁŝůůďĞĚŝĸĐƵůƚ͕ŵĂŝŶůǇĚƵĞƚŽƚŚĞůŽǁĂďƵŶĚĂŶĐĞŽĨ
klotho. The advantage of urine above serum is the ability to concentrate the sample, 
leading to an enrichment of klotho. Moreover, urinary klotho was already decreased at 
ƐƚĂŐĞϭŽĨ<ƵƐŝŶŐŝŵŵƵŶŽďůŽƚ;ϱͿ͕ǁŚĞƌĞĂƐŝŶƚŚĞ/WͲ/ĂƐƐĂǇƐĞƌƵŵŬůŽƚŚŽůĞǀĞůƐǁĞƌĞ
ƐŝŐŶŝĮĐĂŶƚůǇůŽǁĞƌĨƌŽŵƐƚĂŐĞϮŽŶ;ϮϬͿ͘hƌŝŶĂƌǇŬůŽƚŚŽǁĂƐŶŽƚĚĞƚĞƌŵŝŶĞĚŝŶĞĂƌůǇƐƚĂŐĞƐ
ŽĨ<ǁŝƚŚƚŚĞ/WͲ/ĂƐƐĂǇ͕ ĂůƚŚŽƵŐŚŝƚŚĂƐďĞĞŶƐƵŐŐĞƐƚĞĚƚŚĂƚƵƌŝŶĂƌǇŬůŽƚŚŽĐŽƵůĚďĞĂ
ŵŽƌĞƐĞŶƐŝƟǀĞďŝŽŵĂƌŬĞƌƚŚĂŶƐĞƌƵŵŬůŽƚŚŽůĞǀĞůƐ͕ƐŝŶĐĞƚŚĞƌĞĚƵĐƟŽŶŽĨŬůŽƚŚŽŝŶƵƌŝŶĞ
in CKD stage 5 was more pronounced than in serum (20).
&ŽƌĨƵƚƵƌĞĮŶĞͲƚƵŶŝŶŐŽĨŬůŽƚŚŽĚĞƚĞĐƟŽŶďǇ>/^͕ ŝƚǁŝůůďĞ ŝŵƉŽƌƚĂŶƚƚŽ ŝŶǀĞƐƟŐĂƚĞ
ƉŽƚĞŶƟĂů ĨĂĐƚŽƌƐ ƚŚĂƚĐĂŶĂīĞĐƚ ƚŚĞƐƚĂďŝůŝƚǇŽĨŬůŽƚŚŽ͕ ĨŽƌĞǆĂŵƉůĞ ƚŚĞĞīĞĐƚŽĨ<
ĂŶĚƵƌĞŵŝĐƚŽǆŝŶƐŽŶƚŚĞĚĞŐƌĂĚĂƟŽŶŽĨŬůŽƚŚŽ͘ĂƌŬĞƌet al. have indicated that klotho 
ŝŶ ƐĞƌƵŵŽĨ<ƉĂƟĞŶƚƐ ŝƐ ůĞƐƐ ƐƚĂďůĞĂŶĚ ƚŚĂƚĂĚĚŝƟŽŶŽĨƉƌŽƚĞĂƐĞ ŝŶŚŝďŝƚŽƌƐ ĐŽƵůĚ
ƐůŽǁĚŽǁŶƚŚĞĚĞŐƌĂĚĂƟŽŶ;ϮϬͿ͘dŚŝƐǁĂƐĂůƐŽĚĞŵŽŶƐƚƌĂƚĞĚďǇĚĞŵĂet al. in urine, 
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4
ĂůƚŚŽƵŐŚƚŚŝƐĚŝĚŶŽƚƌĞĂĐŚĂŶĂĐĐĞƉƚĂďůĞƐƚĂďŝůŝƚǇ;ϮϰͿ͘/ƚŝƐŶŽƚǇĞƚŬŶŽǁŶ͕ŝĨƚŚĞƌĞĂƌĞ
klotho-degrading enzymes present in urine or serum. Therefore, the handling of samples, 
ŝŶĐůƵĚŝŶŐ ůŽŶŐ ŝŶĐƵďĂƟŽŶ Ăƚ ƌŽŽŵ ƚĞŵƉĞƌĂƚƵƌĞ Žƌ ƵƌŝŶĂƌǇ Ɖ,͕ ŵŝŐŚƚ ĂůƐŽ ŝŶŇƵĞŶĐĞ
ŵĞĂƐƵƌĞŵĞŶƚƐ͘ DŽƌĞŽǀĞƌ͕  ĚŝīĞƌĞŶƚ ĨŽƌŵƐ ŽĨ < ŵŝŐŚƚ ŚĂǀĞ ĚŝƐƟŶĐƚ ŝŶŇƵĞŶĐĞƐ ŽŶ
klotho shedding. For example, insulin is known to increase klotho shedding (16), so 
ƐĞƌƵŵŽĨĚŝĂďĞƟĐŶĞƉŚƌŽƉĂƚŚǇƉĂƟĞŶƚƐŵŝŐŚƚƐŚŽǁĚŝīĞƌĞŶƚŬůŽƚŚŽůĞǀĞůƐƚŚĂŶƐĞƌƵŵ
ĨƌŽŵƉĂƟĞŶƚƐǁŝƚŚ<ĐĂƵƐĞĚďǇĂĐƵƚĞŬŝĚŶĞǇŝŶũƵƌǇ͘
/ŶĐŽŶĐůƵƐŝŽŶ͕ŝŶƚŚŝƐƐƚƵĚǇĂƚǁŽͲƐŝƚĞŬůŽƚŚŽ>/^ŚĂƐďĞĞŶĚĞǀĞůŽƉĞĚ͕ǁŚŝĐŚĐĂŶĚĞƚĞĐƚ
ƐŽůƵďůĞŬůŽƚŚŽŝŶƵƌŝŶĞ͘/ŶŽƵƌ>/^͕ďƵƚĂůƐŽŝŶƚŚĞĐŽŵŵĞƌĐŝĂůůǇĂǀĂŝůĂďůĞŬůŽƚŚŽ>/^
assays, it is unclear which klotho fragments are actually measured. Moreover, there are 
ƐĞǀĞƌĂůĨĂĐƚŽƌƐƚŚĂƚŶĞĞĚƚŽďĞĐŽŶƐŝĚĞƌĞĚ͕ŝŶĐůƵĚŝŶŐƐƚŽƌĂŐĞĐŽŶĚŝƟŽŶƐ͘/ŶĂĚĚŝƟŽŶ͕ŵŽƌĞ
ƌĞƐĞĂƌĐŚĐŽŶĐĞƌŶŝŶŐƌĞƐƉŽŶƐŝďůĞĚĞŐƌĂĚŝŶŐĞŶǌǇŵĞƐŝƐŶĞĐĞƐƐĂƌǇ͕ ƐŝŶĐĞŝŶŚŝďŝƟŽŶŽĨƚŚĞƐĞ
enzymes could aid in increasing the low soluble klotho levels during CKD. Klotho could be a 
ƉƌŽŵŝƐŝŶŐďŝŽŵĂƌŬĞƌĨŽƌĞĂƌůǇĚĞƚĞĐƟŽŶŽĨ<͘/ŵƉŽƌƚĂŶƚůǇ͕ ĞǆƉĞƌŝĞŶĐĞĨƌŽŵŽƵƌůĂďŽƌŝŽƵƐ
ĞīŽƌƚƐƚŽĚĞǀĞůŽƉĂŶ>/^ĨŽƌƚŚĞĚĞƚĞĐƟŽŶŽĨŬůŽƚŚŽƐŚŽƵůĚŶƵĂŶĐĞƚŚĞŝŶƚĞƌƉƌĞƚĂƟŽŶŽĨ
ƐƚƵĚŝĞƐƵƐŝŶŐĐŽŵŵĞƌĐŝĂůůǇĂǀĂŝůĂďůĞŬůŽƚŚŽ>/^ĂƐƐĂǇƐŝŶĐůŝŶŝĐĂůĐŽŚŽƌƚƐĂƚƚŚŝƐŵŽŵĞŶƚ͘
ĐŬŶŽǁůĞĚŐĞŵĞŶƚƐ
dŚŝƐƐƚƵĚǇǁĂƐĨƵŶĚĞĚďǇĂĐŽŶƐŽƌƟƵŵŐƌĂŶƚĨƌŽŵƚŚĞƵƚĐŚ<ŝĚŶĞǇ&ŽƵŶĚĂƟŽŶ;E/'ZD͕
WϭϬ͘ϭϭͿĂŶĚƚŚĞŶĚŽĐƌŝŶŽůŽŐŝƐĐŚZĞƐĞĂƌĐŚs͘ dŚĞE/'ZDĐŽŶƐŽƌƟƵŵĐŽŶƐŝƐƚƐŽĨƚŚĞ
ĨŽůůŽǁŝŶŐƉƌŝŶĐŝƉĂůŝŶǀĞƐƟŐĂƚŽƌƐ͗WŝĞƚƚĞƌtĞĞĂŶĚDĂƌĐsĞƌǀůŽĞƚ;shhŶŝǀĞƌƐŝƚǇDĞĚŝĐĂů
ĞŶƚĞƌ͕  ŵƐƚĞƌĚĂŵ͕ dŚĞ EĞƚŚĞƌůĂŶĚƐͿ͖ ZĞŶĠ ŝŶĚĞůƐ ĂŶĚ :ŽŽƐƚ ,ŽĞŶĚĞƌŽƉ ;ZĂĚďŽƵĚ
hŶŝǀĞƌƐŝƚǇ DĞĚŝĐĂů ĞŶƚĞƌ EŝũŵĞŐĞŶ͕ dŚĞ EĞƚŚĞƌůĂŶĚƐͿ͖ ĂŶĚ 'ĞƌũĂŶ EĂǀŝƐ͕ :ĂŶͲ>ƵƵŬ
,ŝůůĞďƌĂŶĚƐ͕ĂŶĚDĂƌƟŶĚĞŽƌƐƚ;hŶŝǀĞƌƐŝƚǇDĞĚŝĐĂůĞŶƚĞƌ'ƌŽŶŝŶŐĞŶ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿ͘
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Abstract
Calcium (Ca2+Ϳ ŝƐ ǀŝƚĂů ĨŽƌ ŵƵůƟƉůĞ ƉƌŽĐĞƐƐĞƐ ŝŶ ƚŚĞ ďŽĚǇ͕  ĂŶĚ ŵĂŝŶƚĞŶĂŶĐĞ ŽĨ ƚŚĞ
ĞůĞĐƚƌŽůǇƚĞĐŽŶĐĞŶƚƌĂƟŽŶŝƐƌĞƋƵŝƌĞĚĨŽƌĞǀĞƌǇĚĂǇƉŚǇƐŝŽůŽŐŝĐĂůĨƵŶĐƟŽŶ͘/ŶƚŚĞŬŝĚŶĞǇ͕ 
ĂŶĚŵŽƌĞƐƉĞĐŝĮĐĂůůǇ͕  ŝŶ ƚŚĞ ůĂƚĞĚŝƐƚĂů ĐŽŶǀŽůƵƚĞĚ ƚƵďƵůĞĂŶĚĐŽŶŶĞĐƟŶŐ ƚƵďƵůĞ͕ ƚŚĞ
ĮŶĞͲƚƵŶŝŶŐŽĨ Ă2+ ƌĞĂďƐŽƌƉƟŽŶ ĨƌŽŵ ƚŚĞƉƌŽͲƵƌŝŶĞ ƚĂŬĞƐƉůĂĐĞ͘,ĞƌĞ͕ Ă2+ enters the 
ĞƉŝƚŚĞůŝĂů ĐĞůů ǀŝĂ ƚŚĞ ƚƌĂŶƐŝĞŶƚ ƌĞĐĞƉƚŽƌ ƉŽƚĞŶƟĂů ǀĂŶŝůůŽŝĚ ƚǇƉĞ ϱ ;dZWsϱͿ ĐŚĂŶŶĞů͕
ĚŝīƵƐĞƐ ƚŽ ƚŚĞ ďĂƐŽůĂƚĞƌĂů ƐŝĚĞ ďŽƵŶĚ ƚŽ ĐĂůďŝŶĚŝŶͲ28k and is extruded to the blood 
compartment via the Na+/Ca2+ exchanger 1 (NCX1) and the plasma membrane Ca2+ 
dWĂƐĞ ;WDͿ͘dƌĂĚŝƟŽŶĂůůǇ͕ WDϭǁĂƐĐŽŶƐŝĚĞƌĞĚ ƚŽďĞ ƚŚĞƉƌŝŵĂƌǇĂ2+ pump in 
ƚŚŝƐƉƌŽĐĞƐƐ͘,ŽǁĞǀĞƌ͕ ŝŶƌĞĐĞŶƚƐƚƵĚŝĞƐdZWsϱͲĞǆƉƌĞƐƐŝŶŐƚƵďƵůĞƐǁĞƌĞƐŚŽǁŶƚŽŚŝŐŚůǇ
ĞǆƉƌĞƐƐWDϰ͘dŚĞƌĞĨŽƌĞ͕WDϰŵĂǇŚĂǀĞĂƉƌĞĚŽŵŝŶĂŶƚƌŽůĞŝŶƌĞŶĂůĂ2+ handling. 
dŚŝƐƐƚƵĚǇĂŝŵĞĚƚŽĞůƵĐŝĚĂƚĞƚŚĞƌŽůĞŽĨWDϰŝŶĂ2+ homeostasis by characterizing 
the Ca2+ balance, and renal and duodenal Ca2+ͲƌĞůĂƚĞĚ ŐĞŶĞ ĞǆƉƌĞƐƐŝŽŶ ŝŶ WDϰ
ŬŶŽĐŬŽƵƚŵŝĐĞ͘dŚĞĚĂŝůǇǁĂƚĞƌŝŶƚĂŬĞŽĨWDϰŬŶŽĐŬŽƵƚŵŝĐĞǁĂƐƐŝŐŶŝĮĐĂŶƚůǇůŽǁĞƌ
ĐŽŵƉĂƌĞĚ ƚŽǁŝůĚ ƚǇƉĞ ůŝƩĞƌŵĂƚĞƐ͘ dŚĞƌĞǁĂƐŶŽ ƐŝŐŶŝĮĐĂŶƚĚŝīĞƌĞŶĐĞ ŝŶ ƐĞƌƵŵĂ2+ 
level or urinary Ca2+ ĞǆĐƌĞƟŽŶďĞƚǁĞĞŶŐƌŽƵƉƐ͘/ŶĂĚĚŝƟŽŶ͕ƌĞŶĂůĂŶĚĚƵŽĚĞŶĂůŵZE
expression levels of Ca2+ͲƌĞůĂƚĞĚŐĞŶĞƐ͕ŝŶĐůƵĚŝŶŐdZWsϱ͕dZWsϲ͕ĐĂůďŝŶĚŝŶͲ28k, calbindin-
D9k͕EyϭĂŶĚWDϭǁĞƌĞƐŝŵŝůĂƌŝŶǁŝůĚƚǇƉĞĂŶĚŬŶŽĐŬŽƵƚŵŝĐĞ͘^ĞƌƵŵ&'&ϮϯůĞǀĞůƐ
ǁĞƌĞ ƐŝŐŶŝĮĐĂŶƚůǇ ŝŶĐƌĞĂƐĞĚ ŝŶ WDϰ ŬŶŽĐŬŽƵƚŵŝĐĞ͘ /Ŷ ĐŽŶĐůƵƐŝŽŶ͕ WDϰ ŚĂƐ ŶŽ
discernible role in normal renal Ca2+ handling as no urinary Ca2+ ǁĂƐƟŶŐǁĂƐŽďƐĞƌǀĞĚ͘
&ƵƌƚŚĞƌ ŝŶǀĞƐƟŐĂƟŽŶŽĨ ƚŚĞĞǆĂĐƚ ƌŽůĞŽĨ WDϰ ŝŶ ƚŚĞĚŝƐƚĂů ĐŽŶǀŽůƵƚĞĚ ƚƵďƵůĞ ĂŶĚ
ĐŽŶŶĞĐƟŶŐƚƵďƵůĞŝƐƌĞƋƵŝƌĞĚ͘
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/ŶƚƌŽĚƵĐƟŽŶ
Calcium (Ca2+) is involved in several important processes in the body, including muscle 
ĐŽŶƚƌĂĐƟŽŶ͕ ďŽŶĞ ŵŝŶĞƌĂůŝǌĂƟŽŶ ĂŶĚ ĂƐ Ă ƐĞĐŽŶĚ ŵĞƐƐĞŶŐĞƌ ŝŶ ŵƵůƟƉůĞ ƐŝŐŶĂů
ƚƌĂŶƐĚƵĐƟŽŶƉĂƚŚǁĂǇƐ;ϭͿ͘ƐĂĐŽŶƐĞƋƵĞŶĐĞ͕ƚŚĞƉůĂƐŵĂĂ2+ ĐŽŶĐĞŶƚƌĂƟŽŶ ŝƐƟŐŚƚůǇ
ĐŽŶƚƌŽůůĞĚǀŝĂĂďƐŽƌƉƟŽŶŽĨĚŝĞƚĂƌǇĂ2+ ĂƚƚŚĞŝŶƚĞƐƟŶĞ͕ƐƚŽƌĂŐĞŝŶďŽŶĞĂŶĚƌĞĂďƐŽƌƉƟŽŶ
ďǇƚŚĞŬŝĚŶĞǇ;Ϯ͕ϯͿ͘/ŶƚŚĞŬŝĚŶĞǇƚŚĞŵĂũŽƌŝƚǇŽĨĮůƚĞƌĞĚĂ2+ is passively reabsorbed in 
ƚŚĞƉƌŽǆŝŵĂůƉĂƌƚŽĨƚŚĞŶĞƉŚƌŽŶ͕ƚŚŽƵŐŚĮŶĞͲƚƵŶŝŶŐŽĐĐƵƌƐŝŶƚŚĞůĂƚĞĚŝƐƚĂůĐŽŶǀŽůƵƚĞĚ
ƚƵďƵůĞ;dͿĂŶĚƚŚĞĐŽŶŶĞĐƟŶŐƚƵďƵůĞ;EdͿ;ϰͿ͘dŚŝƐŝƐĂŶĂĐƟǀĞƉƌŽĐĞƐƐǁŚĞƌĞĂ2+ 
ƌĞĂďƐŽƌƉƟŽŶĐĂŶďĞƌĞŐƵůĂƚĞĚďǇŚŽƌŵŽŶĞƐŝŶĐůƵĚŝŶŐƉĂƌĂƚŚǇƌŽŝĚŚŽƌŵŽŶĞ;Wd,ͿĂŶĚ
ĂĐƟǀĞǀŝƚĂŵŝŶ;ϭ͕Ϯϱ;K,Ϳ2D3Ϳ;ϱͲϳͿ͘/ŶƚŚĞůĂƚĞdĂŶĚEdĂ2+ enters the cell from the 
ƉƌŽͲƵƌŝŶĞǀŝĂƚŚĞĂƉŝĐĂůůǇĞǆƉƌĞƐƐĞĚƚƌĂŶƐŝĞŶƚƌĞĐĞƉƚŽƌƉŽƚĞŶƟĂůǀĂŶŝůůŽŝĚĐŚĂŶŶĞůƚǇƉĞ
ϱ;dZWsϱͿ;ϴ͕ϵͿ͘^ƵďƐĞƋƵĞŶƚůǇ͕ Ă2+ binds to calbindin-D28k;ĂW28k) and/or calbindin-D9k 
;ĂW9kͿĂŶĚƚŚŝƐĐŽŵƉůĞǆĚŝīƵƐĞƐƚŽƚŚĞďĂƐŽůĂƚĞƌĂůƐŝĚĞ͕ǁŚĞƌĞĂ2+ is extruded via the 
Na+/Ca2+ exchanger (NCX1) or plasma membrane Ca2+ dWĂƐĞ;WDͿ;ϭϬ͕ϭϭͿ͘
WDŝƐĂŵĞŵďĞƌŽĨƚŚĞWͲƚǇƉĞdWĂƐĞĨĂŵŝůǇ͕ ĂŶĚ ŝƐƌĞůĂƚĞĚƚŽƚŚĞƐĂƌĐŽƉůĂƐŵĂƟĐͬ
ĞŶĚŽƉůĂƐŵĂƟĐƌĞƟĐƵůƵŵĂ2+ dWĂƐĞƉƵŵƉƐ͘&ŽƵƌĚŝīĞƌĞŶƚŐĞŶĞƐĞŶĐŽĚĞĨŽƌWDϭ
ƚŽϰ͘ŽƚŚWDϭĂŶĚϰĂƌĞƵďŝƋƵŝƚŽƵƐůǇĞǆƉƌĞƐƐĞĚĂŶĚŚĂǀĞďĞĞŶƐƵŐŐĞƐƚĞĚƚŽŚĂǀĞ
ĂŚŽƵƐĞŬĞĞƉŝŶŐĨƵŶĐƟŽŶ͕ĞǆƚƌƵĚŝŶŐĂ2+ ĨƌŽŵƚŚĞĐĞůů;ϭϮͿ͘WDϭŬŶŽĐŬŽƵƚ;<KͿŵŝĐĞ
ĂƌĞĞŵďƌǇŽŶŝĐĂůůǇ ůĞƚŚĂů͕ǁŚĞƌĞĂƐƚŚĞWDϰ<KŵŝĐĞĂƌĞǀŝĂďůĞĂŶĚĂƉƉĞĂƌŚĞĂůƚŚǇ
;ϭϯ͕ϭϰͿ͘dŚŝƐƐƵŐŐĞƐƚƐƚŚĂƚWDϰŵŝŐŚƚŚĂǀĞĂŵŽƌĞƐƉĞĐŝĮĐƌŽůĞƚŚĂŶWDϭ͘/ŶĚĞĞĚ͕
WDϰŚĂƐďĞĞŶƐŚŽǁŶƚŽƉůĂǇĂƌŽůĞŝŶĂ2+ ƐŝŐŶĂůŝŶŐŝŶƐƉĞƌŵŵŽƟůŝƚǇ͕ ͲůǇŵƉŚŽĐǇƚĞƐ
and cardiac nitric oxide signaling (13-16). 
/ŶƚŚĞŬŝĚŶĞǇ͕ WDϭĂŶĚϰƚƌĂŶƐĐƌŝƉƚƐĂŶĚƉƌŽƚĞŝŶĂƌĞĨŽƵŶĚŝŶƚŚĞƉƌŽǆŝŵĂůƚƵďƵůĞ͕ďƵƚ
ŚŝŐŚĞƌ ĞǆƉƌĞƐƐŝŽŶŚĂƐ ďĞĞŶ ƐŚŽǁŶĂƚ ƚŚĞ ĚŝƐƚĂů ƉĂƌƚ ŽĨ ƚŚĞ ŶĞƉŚƌŽŶ ;ϭϳ͕ϭϴͿ͘ WDϭ ŝƐ
ĐŽŶƐŝĚĞƌĞĚĂƐƚŚĞƉƌĞĚŽŵŝŶĂŶƚWDƌĞƐƉŽŶƐŝďůĞĨŽƌƚƌĂŶƐĐĞůůƵůĂƌĂ2+ transport in the late 
dĂŶĚEd;ϭϴ͕ϭϵͿ͘ZĞĐĞŶƚůǇŚŽǁĞǀĞƌ͕ ůĞǆĂŶĚĞƌet al.ŝŶǀĞƐƟŐĂƚĞĚƚŚĞĞǆĂĐƚůŽĐĂůŝǌĂƟŽŶ
ŽĨWDϰŝŶƚŚĞŬŝĚŶĞǇ͕ ďǇĐŽͲƐƚĂŝŶŝŶŐƚŚĞĚŝīĞƌĞŶƚƚƵďƵůĂƌƐĞŐŵĞŶƚƐǁŝƚŚƌĞƉƌĞƐĞŶƚĂƟǀĞ
ŵĂƌŬĞƌƐ;ϮϬͿ͘dŚĞǇǀĞƌŝĮĞĚƚŚĂƚWDϰǁĂƐĞǆƉƌĞƐƐĞĚŚŝŐŚĞƐƚŝŶƚƵďƵůĞƐƚŚĂƚĂůƐŽĞǆƉƌĞƐƐĞĚ
dZWsϱ͘/ŶĂĚĚŝƟŽŶ͕WDϰǁĂƐĚĞĐƌĞĂƐĞĚŝŶdZWsϱ<KŵŝĐĞ͕ĂƐǁĞƌĞEyϭĂŶĚĂW28k 
;Ϯϭ͕ϮϮͿ͘KŶƚŚĞĐŽŶƚƌĂƌǇ͕ WDϭǁĂƐŶŽƚĐŚĂŶŐĞĚ;ϮϮͿ͘dŚŝƐƐƵŐŐĞƐƚƐƚŚĂƚWDϰŵĂǇďĞ
ƚŚĞƉƌĞĚŽŵŝŶĂŶƚWDĨŽƌŵŝŶǀŽůǀĞĚŝŶĚŝƐƚĂůƚƌĂŶƐĐĞůůƵůĂƌĂ2+ ƌĞĂďƐŽƌƉƟŽŶ͘
/ŶƚŚŝƐƐƚƵĚǇǁĞĂƐƐĞƐƐĞĚƚŚĞƌŽůĞŽĨWDϰŝŶƌĞŶĂůĂ2+ ŚĂŶĚůŝŶŐ͘dŽƚŚŝƐĞŶĚ͕ƚŚĞWDϰ
KO mouse model was used and its Ca2+ ďĂůĂŶĐĞǁĂƐ ĐŽŵƉĂƌĞĚ ƚŽǁŝůĚ ƚǇƉĞ ;tdͿĂŶĚ
ŚĞƚĞƌŽǌǇŐŽƵƐ;,ͿůŝƩĞƌŵĂƚĞƐ͘dŚĞƌĞǁĞƌĞŶŽƐŝŐŶŝĮĐĂŶƚĚŝīĞƌĞŶĐĞƐŝŶƐĞƌƵŵĂ2+ levels 
or urinary Ca2+ ĞǆĐƌĞƟŽŶďĞƚǁĞĞŶŐƌŽƵƉƐŽƌĐŚĂŶŐĞƐŝŶĞǆƉƌĞƐƐŝŽŶŽĨĂ2+-related genes.
106
Chapter 5
Material and methods
Ethics statement
dŚŝƐ ƐƚƵĚǇ ǁĂƐ ĐĂƌƌŝĞĚ ŽƵƚ ŝŶ ƐƚƌŝĐƚ ĐŽŵƉůŝĂŶĐĞ ǁŝƚŚ ƚŚĞ hŶŝƚĞĚ <ŝŶŐĚŽŵ ŶŝŵĂůƐ
;^ĐŝĞŶƟĮĐ WƌŽĐĞĚƵƌĞƐͿ Đƚ ϭϵϴϲ͘ ůů ĞǆƉĞƌŝŵĞŶƚĂů ƉƌŽĐĞĚƵƌĞƐǁĞƌĞ ĂƉƉƌŽǀĞĚ ďǇ ƚŚĞ
hŶŝǀĞƌƐŝƚǇŽĨDĂŶĐŚĞƐƚĞƌƚŚŝĐƐŽŵŵŝƩĞĞ;ƉĞƌŵŝƚͲŶŽ͗ϰϬͬϯϲϮϱͿĂŶĚĂůůĞīŽƌƚƐǁĞƌĞ
ŵĂĚĞƚŽŵŝŶŝŵŝǌĞƐƵīĞƌŝŶŐŽĨĂŶŝŵĂůƐ͘
Animals
WDϰŐĞƌŵůŝŶĞŶƵůůŵƵƚĂŶƚŵŝĐĞ͕ĂƐƉƌĞǀŝŽƵƐůǇĚĞƐĐƌŝďĞĚ;ϭϰͿ͕ǁĞƌĞŵĂŝŶƚĂŝŶĞĚŝŶĂ
pathogen-free facility, housed under a 12 hour light/dark cycle, with ad libitum access 
ƚŽĨŽŽĚĂŶĚǁĂƚĞƌ͘ ǆƉĞƌŝŵĞŶƚƐǁĞƌĞƉĞƌĨŽƌŵĞĚǁŝƚŚŵĂůĞtd;ŶсϭϬͿ͕,;ŶсϳͿĂŶĚ<K
(n=10) mice when animals were aged 27-31 weeks old.
/ŵŵƵŶŽŇƵŽƌĞƐĐĞŶĐĞ
/ŵŵƵŶŽŇƵŽƌĞƐĐĞŶĐĞ ƐƚĂŝŶŝŶŐ ǁĂƐ ƵƐĞĚ ƚŽ ĚĞƚĞĐƚ WDϰ ƉƌŽƚĞŝŶ ĞǆƉƌĞƐƐŝŽŶ ŝŶ ŬŝĚŶĞǇ
ƐĞĐƟŽŶƐ͕ĂŶĚǁĂƐƉĞƌĨŽƌŵĞĚĂƐĚĞƐĐƌŝďĞĚƉƌĞǀŝŽƵƐůǇ;ϮϯͿ͘ /ŶƐŚŽƌƚ͕WDϰƐƚĂŝŶŝŶŐǁĂƐ
ƉĞƌĨŽƌŵĞĚŽŶϱʅŵ ƚŚŝĐŬ ƐĞĐƟŽŶƐŽĨ ϭй ;ǁͬǀͿ ƉĞƌŝŽĚĂƚĞͲůǇƐŝŶĞͲƉĂƌĂĨŽƌŵĂůĚĞŚǇĚĞͲĮǆĞĚ
ŵŽƵƐĞŬŝĚŶĞǇƐĂŵƉůĞƐ͘^ĞĐƟŽŶƐǁĞƌĞŝŶĐƵďĂƚĞĚŽǀĞƌŶŝŐŚƚĂƚϰΣǁŝƚŚŵŽƵƐĞĂŶƟͲWDϰ
;ϭ͗ϭϬϬ͕ĂďϮϳϴϯ͕ďĐĂŵ͕ĂŵďƌŝĚŐĞ͕h<ͿĂŶĚ ŝŶĐƵďĂƚĞĚǁŝƚŚůĞǆĂ&ůƵŽƌϰϴϴĐŽŶũƵŐĂƚĞĚ
ƐĞĐŽŶĚĂƌǇĂŶƟďŽĚǇ;ϭ͗ϯϬϬ͕/ŶǀŝƚƌŽŐĞŶ͕ĂƌůƐďĂĚ͕͕h^ͿĨŽƌϮŚŽƵƌƐ͘/ŵĂŐĞƐǁĞƌĞĐŽůůĞĐƚĞĚ
ǁŝƚŚĂŶǆŝŽĂŵĐĂŵĞƌĂĂŶĚǆŝŽsŝƐŝŽŶƐŽŌǁĂƌĞ;ĞŝƐƐ͕^ůŝĞĚƌĞĐŚƚ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿ͘
Metabolic cage study
To collect urine, mice were housed individually in metabolic cages for 24 hours (from 
10am to 10am) with ad libitum access to food and drinking water. The amount of water 
ĂŶĚ ĨŽŽĚ ƉƌŽǀŝĚĞĚ ƚŽ ĞĂĐŚ ŵŽƵƐĞ ǁĂƐ ƌĞĐŽƌĚĞĚ Ăƚ ƚŚĞ ƐƚĂƌƚ ĂŶĚ ĂŌĞƌ ƚŚĞ ϮϰͲŚŽƵƌ
period, to determine amounts ingested. Following the metabolic cage housing, blood 
ǁĂƐĐŽůůĞĐƚĞĚǀŝĂƚŚĞũƵŐƵůĂƌǀĞŝŶƵŶĚĞƌŝƐŽŇƵƌĂŶĞĂŶĞƐƚŚĞƐŝĂĂŶĚƐƚŽƌĞĚŽǀĞƌŶŝŐŚƚĂƚ
4°͘ůůĂŶŝŵĂůƐǁĞƌĞŚƵŵĂŶĞůǇƐĂĐƌŝĮĐĞĚďǇĐĞƌǀŝĐĂůĚŝƐůŽĐĂƟŽŶ͘<ŝĚŶĞǇƐǁĞƌĞŝƐŽůĂƚĞĚ͕
ĚĞĐĂƉƐƵůĂƚĞĚ͕ƐƵďĚŝǀŝĚĞĚĂŶĚƐŶĂƉĨƌŽǌĞŶŝŶůŝƋƵŝĚŶŝƚƌŽŐĞŶ͘ƵŽĚĞŶƵŵƐĞŐŵĞŶƚƐǁĞƌĞ
ĞǆƚƌĂĐƚĞĚ͕ĐůĞĂŶĞĚǁŝƚŚW^ĂŶĚƐŶĂƉĨƌŽǌĞŶŝŶůŝƋƵŝĚŶŝƚƌŽŐĞŶ͘ůůƐĂŵƉůĞƐǁĞƌĞƐƚŽƌĞĚ
at -80°ƵŶƟů ƌĞƋƵŝƌĞĚ͘ ^ĞƌƵŵǁĂƐ ŽďƚĂŝŶĞĚ ĨŽůůŽǁŝŶŐ ĐĞŶƚƌŝĨƵŐĂƟŽŶŽĨǁŚŽůĞ ďůŽŽĚ
samples at 500 Őfor 10 min, and frozen at -80ΣƵŶƚŝůƌĞƋƵŝƌĞĚ͘One KO mouse presented 
ǁŝƚŚŇƵŝĚĮůůĞĚŬŝĚŶĞǇĐǇƐƚƐ͕ĂŶĚǁĂƐŶŽƚŝŶĐůƵĚĞĚŝŶĚĂƚĂĂŶĂůǇƐŝƐ͘
ŶĂůǇƟĐĂůƉƌŽĐĞĚƵƌĞƐ
hƌŝŶĂƌǇŽƐŵŽůĂůŝƚǇǁĂƐŵĞĂƐƵƌĞĚƵƐŝŶŐĂŶĚǀĂŶĐĞĚΠDŽĚĞůϯϯϮϬDŝĐƌŽͲKƐŵŽŵĞƚĞƌ
;ĚǀĂŶĐĞĚ ŝŶƐƚƌƵŵĞŶƚƐ /ŶĐ͕͘ EŽƌǁŽŽĚ͕ D͕ h^Ϳ͘  ĐŽůŽƌŝŵĞƚƌŝĐ ĂƐƐĂǇ ǁĂƐ ƵƐĞĚ ƚŽ
determine serum and urine Ca2+ ĐŽŶĐĞŶƚƌĂƟŽŶƐ ĂƐ ĚĞƐĐƌŝďĞĚ ƉƌĞǀŝŽƵƐůǇ ;ϮϮͿ͘ Ă2+ 
ŵĞĂƐƵƌĞŵĞŶƚƐǁĞƌĞǀĞƌŝĮĞĚƵƐŝŶŐĂŶŝŶƚĞƌŶĂůĐŽŶƚƌŽů͕ǁŚŝĐŚǁĂƐĂĐŽŵŵĞƌĐŝĂůƐĞƌƵŵ
ƐƚĂŶĚĂƌĚ ;WƌĞĐŝŶŽƌŵh͕ZŽĐŚĞ͕ĂƐĞů͕ ^ǁŝƚǌĞƌůĂŶĚͿ͘ ^ĞƌƵŵĂŶĚƵƌŝŶĂƌǇƉŚŽƐƉŚĂƚĞ ;Wi) 
ĐŽŶĐĞŶƚƌĂƟŽŶƐǁĞƌĞ ĚĞƚĞƌŵŝŶĞĚ ďǇ ŝŶͲŚŽƐƉŝƚĂů ƐĞƌǀŝĐĞƐ ƵƐŝŶŐ ĂƵƚŽŵĂƟĐ ďŝŽĐŚĞŵŝĐĂů
ĂŶĂůǇǌĞƌƐ͘ ^ĞƌƵŵ Wd, ůĞǀĞůƐ ǁĞƌĞ ĚĞƚĞƌŵŝŶĞĚ ƵƐŝŶŐ ƚŚĞ ŵŽƵƐĞ Wd, ϭͲϴϰ >/^ Ŭŝƚ
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;/ŵŵƵŶŽƚŽƉŝĐƐ ŝŶƚĞƌŶĂƟŽŶĂů͕ ^ĂŶ ůĞŵĞŶƚĞ͕ ͕ h^Ϳ ĂŶĚ ƐĞƌƵŵ &ŝďƌŽďůĂƐƚ 'ƌŽǁƚŚ
&ĂĐƚŽƌ ;&'&ͿϮϯ ůĞǀĞůƐǁĞƌĞĚĞƚĞƌŵŝŶĞĚǁŝƚŚƚŚĞŵŽƵƐĞͲƚĞƌŵŝŶĂů&'&Ϯϯ>/^ĂƐƐĂǇ
;/ŵŵƵŶŽƚŽƉŝĐƐ/ŶƚĞƌŶĂƟŽŶĂůͿ͘ 
YƵĂŶƟƚĂƟǀĞƌĞĂůͲƟŵĞWZ
dŽƚĂůZEǁĂƐŝƐŽůĂƚĞĚĨƌŽŵŬŝĚŶĞǇƐĂŶĚĚƵŽĚĞŶƵŵƵƐŝŶŐdZ/ǌŽůΠƌĞĂŐĞŶƚ;/ŶǀŝƚƌŽŐĞŶͿ
ĂĐĐŽƌĚŝŶŐƚŽƚŚĞŵĂŶƵĨĂĐƚƵƌĞƌ Ɛ͛ƉƌŽƚŽĐŽůĂŶĚĚŝƐƐŽůǀĞĚŝŶϭϱϬʅůĚŝĞƚŚǇůƉǇƌŽĐĂƌďŽŶĂƚĞ
;WͿͲƚƌĞĂƚĞĚ ĚĞŝŽŶŝǌĞĚ ǁĂƚĞƌ͕  ĂŶĚ ƐƚŽƌĞĚ Ăƚ ͲϴϬΣ͘ dŚĞƌĞĂŌĞƌ͕  ZE ǁĂƐ ƚƌĞĂƚĞĚ
ǁŝƚŚ ZYϭ EĂƐĞ ;ϭh͕ WƌŽŵĞŐĂ͕ DĂĚŝƐŽŶ͕ t/͕ h^Ϳ ĂŶĚ ƌĞǀĞƌƐĞ ƚƌĂŶƐĐƌŝƉƟŽŶ ǁĂƐ
ƉĞƌĨŽƌŵĞĚƵƐŝŶŐϭ͘ϱʅŐZEĂŶĚDŽůŽŶĞǇŵƵƌŝŶĞůĞƵŬĞŵŝĂǀŝƌƵƐƌĞǀĞƌƐĞƚƌĂŶƐĐƌŝƉƚĂƐĞ
;ϮϬϬ h͕ /ŶǀŝƚƌŽŐĞŶͿ ĨŽƌ ϭ͘ϱ ŚŽƵƌƐ ĨŽůůŽǁŝŶŐ ƚŚĞŵĂŶƵĨĂĐƚƵƌĞƌ Ɛ͛ ƉƌŽƚŽĐŽů͕ ĞǆĐĞƉƚ ƚŚĂƚ
ZEĂƐŝŶΠ;WƌŽŵĞŐĂͿǁĂƐƵƐĞĚĂƐĂŶZEĂƐĞŝŶŚŝďŝƚŽƌ;ϮϮͿ͘dŚĞŽďƚĂŝŶĞĚĐEǁĂƐƵƐĞĚ
ƚŽ ĚĞƚĞƌŵŝŶĞ ŵZE ůĞǀĞůƐ ŽĨ ƐĞǀĞƌĂů Ă2+-related genes, as well as glyceraldehyde 
ϯͲƉŚŽƐƉŚĂƚĞĚĞŚǇĚƌŽŐĞŶĂƐĞ ;'W,ͿĂƐĂŶĞŶĚŽŐĞŶŽƵƐĐŽŶƚƌŽů ;ϮϮͿ͘ůů ƚŚĞƉƌŝŵĞƌƐ
ƵƐĞĚ;ŝŽůĞŐŝŽ͕EŝũŵĞŐĞŶ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿĂƌĞůŝƐƚĞĚŝŶdĂďůĞϭ͘^ zZΠ'ƌĞĞŶŵĂƐƚĞƌŵŝǆ
;ŝŽͲZĂĚ͕sĞĞŶĞŶĚĂĂů͕dŚĞEĞƚŚĞƌůĂŶĚƐͿǁĂƐƵƐĞĚƚŽƉĞƌĨŽƌŵƋƵĂŶƟƚĂƟǀĞƌĞĂůͲƟŵĞWZ
ĂĐĐŽƌĚŝŶŐƚŽŵĂŶƵĨĂĐƚƵƌĞƌ Ɛ͛ƉƌŽƚŽĐŽůĂŶĚƐĂŵƉůĞƐǁĞƌĞŵĞĂƐƵƌĞĚŽŶĂ&yϵϲŝŽͲZĂĚ
ĂŶĂůǇǌĞƌ;ŝŽͲZĂĚͿ͘'ĞŶĞĞǆƉƌĞƐƐŝŽŶǁĂƐŶŽƌŵĂůŝǌĞĚĨŽƌ'ĂƉĚŚ expression and calculated 
ĂĐĐŽƌĚŝŶŐƚŽƚŚĞȴȴdŵĞƚŚŽĚ;ϮϰͿ͘dŚĞWDϰƌĞĂůͲƟŵĞWZƉƌŽĚƵĐƚĨƌŽŵtd͕ ,ĂŶĚ
KO samples were run on a 2% (w/v) agarose gel electrophoresis. 
dĂďůĞϭͮWƌŝŵĞƌƐĞƋƵĞŶĐĞƐƵƐĞĚĨŽƌƌĞĂůͲƟŵĞWZ
Gene &ŽƌǁĂƌĚƉƌŝŵĞƌϱ͛ʹϯ͛ ZĞǀĞƌƐĞƉƌŝŵĞƌϱ͛ʹϯ͛
GAPDH ddd''''d''' ''ddd
dZWsϱ d'''dd'd''dddd ddd''d'
dZWsϲ ''ddddd dd'''ddd
CaBP9K 'd''''d''ddd' dddd'ddd'
CaBP28k ''''d''ddd'' ddd''d'd'd
NCX1 'd'd''dd'd'ddd'd 'dd''dd'''d'
PMCA1 'd''dd'd'dd d'dd'dddd
PMCA4 ddd''d''' dd''''dd'd
Cyp27b1 'd'dd''dd'dd'd'' d''''ddd'dddd
Cyp24a1 '''dd'''dd ''d''d'ddd'
NaPi-IIa d''''''' ''''d'
NaPi-IIc 'd''d''dddd 'dd'ddd'
Klotho ''dd'dddd d''''dd'''d'
dŚĞĨŽƌǁĂƌĚĂŶĚƌĞǀĞƌƐĞŵŽƵƐĞƉƌŝŵĞƌƐŽĨƚŚĞƐĞǀĞƌĂůŐĞŶĞƐƵƐĞĚŝŶƋƵĂŶƟƚĂƟǀĞƌĞĂůͲƟŵĞWZŽĨŬŝĚŶĞǇ
ĂŶĚĚƵŽĚĞŶĂůŵZE͘'W,;ŐůǇĐĞƌĂůĚĞŚǇĚĞϯͲƉŚŽƐƉŚĂƚĞĚĞŚǇĚƌŽŐĞŶĂƐĞͿ͖dZWsϱĂŶĚϲ;ƚƌĂŶƐŝĞŶƚ
ƌĞĐĞƉƚŽƌƉŽƚĞŶƟĂůǀĂŶŝůůŽŝĚŵĞŵďĞƌϱĂŶĚϲͿ͖ĂW9KĂŶĚĂW28K (calbindin-D9k and calbindin-D28kͿ͖Eyϭ
(Na+/Ca2+ĞǆĐŚĂŶŐĞƌϭͿ͖WDϭĂŶĚϰ;ƉůĂƐŵĂŵĞŵďƌĂŶĞĂ2+ dWĂƐĞϭĂŶĚϰͿ͖ǇƉϮϳďϭ;ĐǇƚŽĐŚƌŽŵĞ
ƉϰϱϬϮϳďϭͿ͖ǇƉϮϰĂϭ;ĐǇƚŽĐŚƌŽŵĞƉϰϱϬϮϰĂϭͿ͕EĂWŝͲ//ĂĂŶĚĐ;ƚǇƉĞ//EĂ+/Pi co-transporter a and c).
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Chapter 5
WƌŽƚĞŝŶŝƐŽůĂƟŽŶĨƌŽŵŬŝĚŶĞǇĂŶĚŝŵŵƵŶŽďůŽƫŶŐ
dŽƚĂůŬŝĚŶĞǇƉƌŽƚĞŝŶ ůǇƐĂƚĞƐǁĞƌĞƉƌĞƉĂƌĞĚĂƐĚĞƐĐƌŝďĞĚƉƌĞǀŝŽƵƐůǇ;ϮϱͿĂŶĚϯϬʅŐƉƌŽƚĞŝŶ
ǁĂƐůŽĂĚĞĚƚŽĞŝƚŚĞƌϴй;ǁͬǀͿŽƌϭϮй;ǁͬǀͿ^^ͲW'ŐĞůĨŽƌEyϭĂŶĚĂW28k͕ƌĞƐƉĞĐƟǀĞůǇ
ĂŶĚ ďůŽƩĞĚ ƚŽ Ă Ws& ŵĞŵďƌĂŶĞ ;DŝůůŝƉŽƌĞ͕ ŝůůĞƌŝĐĂ͕ D͕ h^Ϳ͘ /ŵŵƵŶŽďůŽƚƐ ǁĞƌĞ
ŝŶĐƵďĂƚĞĚŽǀĞƌŶŝŐŚƚ Ăƚ ϰΣĞŝƚŚĞƌǁŝƚŚŵŽƵƐĞĂŶƟͲĂW28k ;ϭ͗ϱ͕ϬϬϬ͕ ĐůŽŶĞͲϵϱϱ͕ ^ŝŐŵĂͲ
ůĚƌŝĐŚ͕ǁŝũŶĚƌĞĐŚƚ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿ͕ŵŽƵƐĞĂŶƟͲEyϭ;ϭ͗ϱϬϬ͕Ăďϲϰϵϱ͕ďĐĂŵͿŽƌŵŽƵƐĞ
ĂŶƟͲďĞƚĂͲĂĐƟŶ;ϭ͗ϭϬ͕ϬϬϬ͕ĐůŽŶĞͲϭϱ͕^ŝŐŵĂͲůĚƌŝĐŚͿ͘ /ŵŵƵŶŽďůŽƚƐǁĞƌĞĞŶŚĂŶĐĞĚƵƐŝŶŐ
ĐŚĞŵŝůƵŵŝŶĞƐĐĞŶĐĞ;>͕WŝĞƌĐĞ͕ƩĞŶͲ>ĞƵƌ͕ dŚĞEĞƚŚĞƌůĂŶĚƐͿĂŶĚĂŶĂůǇǌĞĚƵƐŝŶŐĂŚĞŵŝŽĐ
yZ^;ŝŽͲZĂĚͿƐǇƐƚĞŵ͘^ĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶǁĂƐƉĞƌĨŽƌŵĞĚĂƐĚĞƐĐƌŝďĞĚƉƌĞǀŝŽƵƐůǇ;ϮϲͿ͘
^ƚĂƟƐƟĐƐ
sĂůƵĞƐĂƌĞĞǆƉƌĞƐƐĞĚĂƐŵĞĂŶц^͘͘D͘ŝīĞƌĞŶĐĞƐďĞƚǁĞĞŶƚŚĞtd͕ ,ĂŶĚWDϰ<K
ŵŝĐĞǁĞƌĞƚĞƐƚĞĚƵƐŝŶŐĂŽŶĞͲǁĂǇEKsǁŝƚŚdƵŬĞǇƉŽƐƚͲŚŽĐƚĞƐƚ͘ŝīĞƌĞŶĐĞƐǁĞƌĞ
ĐŽŶƐŝĚĞƌĞĚƐŝŐŶŝĮĐĂŶƚůǇĚŝīĞƌĞŶƚǁŚĞŶWфϬ͘Ϭϱ͘ŶĂůǇƐŝƐŽĨƚŚĞĚĂƚĂƐĞƚǁĂƐƉĞƌĨŽƌŵĞĚ
ƵƐŝŶŐ'ƌĂƉŚWĂĚWƌŝƐŵ͕ǀĞƌƐŝŽŶϲ͘Ϭ͘
Results
Similar serum Ca2+ levels and urinary Ca2+ ĞǆĐƌĞƟŽŶŝŶtdĂŶĚWDϰ<KŵŝĐĞ
dŚĞƌŽůĞŽĨWDϰŝŶƌĞŶĂůĂ2+ ŚĂŶĚůŝŶŐǁĂƐŝŶǀĞƐƟŐĂƚĞĚƵƐŝŶŐWDϰtd͕ ,ĂŶĚ<K
ŵŝĐĞ͘ Ǉ ƋƵĂŶƟƚĂƟǀĞ ƌĞĂůͲƟŵĞ WZ ĂŶĚ ŝŵŵƵŶŽŇƵŽƌĞƐĐĞŶĐĞ ƐƚĂŝŶŝŶŐ ŽĨ ƚŚĞ ŬŝĚŶĞǇ
ĐŽƌƚĞǆ͕WDϰŵZEĂŶĚƉƌŽƚĞŝŶǁĞƌĞŶŽƚĚĞƚĞĐƚĞĚ ŝŶŬŝĚŶĞǇƐ ĨƌŽŵWDϰ<KŵŝĐĞ
;&ŝŐƵƌĞϭͿ͘ĞĨŽƌĞƚŚĞƐƚĂƌƚŽĨƚŚĞĂŶŝŵĂůĞǆƉĞƌŝŵĞŶƚŵŝĐĞŽĨƚŚĞĚŝīĞƌĞŶƚŐƌŽƵƉƐǁĞƌĞŽĨ
ƐŝŵŝůĂƌďŽĚǇǁĞŝŐŚƚ;ĚĂƚĂŶŽƚƐŚŽǁŶͿ͘^ ƵďƐĞƋƵĞŶƚůǇ͕ ŵŝĐĞǁĞƌĞŚŽƵƐĞĚŝŶŵĞƚĂďŽůŝĐĐĂŐĞƐ
ƚŽĐŽůůĞĐƚϮϰͲŚŽƵƌƵƌŝŶĞ͘dŚĞƌĞǁĂƐŶŽƐŝŐŶŝĮĐĂŶƚĚŝīĞƌĞŶĐĞŝŶďŽĚǇǁĞŝŐŚƚ͕ŬŝĚŶĞǇǁĞŝŐŚƚ͕
ĨŽŽĚŝŶƚĂŬĞ͕ĚŝƵƌĞƐŝƐŽƌŽƐŵŽůĂůŝƚǇďĞƚǁĞĞŶƚŚĞĚŝīĞƌĞŶƚŐƌŽƵƉƐ;dĂďůĞϮͿ͘tĂƚĞƌ ŝŶƚĂŬĞ
ǁĂƐƐŝŐŶŝĮĐĂŶƚůǇĚĞĐƌĞĂƐĞĚďĞƚǁĞĞŶtdĂŶĚ<K;dĂďůĞϮͿ͘dŽĞǆĂŵŝŶĞŝĨWDϰ<KŵŝĐĞ
develop disturbances in their Ca2+ homeostasis, serum Ca2+ levels and 24-hour urinary Ca2+ 
ĞǆĐƌĞƟŽŶǁĞƌĞŵĞĂƐƵƌĞĚ͖ŚŽǁĞǀĞƌ͕ ďŽƚŚǁĞƌĞƐŝŵŝůĂƌŝŶĂůůƚŚƌĞĞŐƌŽƵƉƐ;&ŝŐƵƌĞϮͿ͘
dĂďůĞϮͮŚĂƌĂĐƚĞƌŝƐƟĐƐŽĨWDϰǁŝůĚƚǇƉĞ͕ŚĞƚĞƌŽǌǇŐŽƵƐĂŶĚŬŶŽĐŬŽƵƚŵŝĐĞ
tŝůĚƚǇƉĞ;ŶсϭϬͿ ,ĞƚĞƌŽǌǇŐŽƵƐ;ŶсϳͿ <ŶŽĐŬŽƵƚ;ŶсϭϬͿ
ŽĚǇǁĞŝŐŚƚ;ŐͿ 27.0±0.4 28.7±0.7 28.3±0.9
<ŝĚŶĞǇǁĞŝŐŚƚ;ŐͿ 0.36±0.01 0.38±0.01 0.37±0.01
&ŽŽĚŝŶƚĂŬĞ;ŐͬϮϰŚͿ 2.1±0.2 2.5±0.4 2.0±0.2
tĂƚĞƌŝŶƚĂŬĞ;ŵ>ͬϮϰŚͿ 3.3±0.4 3.1±0.5 1.9 ±0.4*
ŝƵƌĞƐŝƐ;ŵ>ͬϮϰŚͿ 2.1±0.3 2.2±0.5 1.5±0.3
KƐŵŽůĂůŝƚǇ;ŵKƐŵͬŬŐͿ 1458±151 1644±299 2099±236
tŝůĚƚǇƉĞ͕ŚĞƚĞƌŽǌǇŐŽƵƐĂŶĚŬŶŽĐŬŽƵƚŵŝĐĞǁĞƌĞŚŽƵƐĞĚĨŽƌϮϰŚŽƵƌƐŝŶŵĞƚĂďŽůŝĐĐĂŐĞƐ͕ĂŌĞƌǁŚŝĐŚďŽĚǇ
and kidney weight, food and water intake, diuresis and osmolality were measured. Data represents mean ± 
S.E.M., *P<0.05 compared to wild type.
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EŽƌĞŶĂůŽƌĚƵŽĚĞŶĂůĐŽŵƉĞŶƐĂƟŽŶŽĨĂ2+-related genes in PMCA4 KO mice
ZĞŶĂů ŵZE ĞǆƉƌĞƐƐŝŽŶ ŽĨ Ă2+-related genes was analyzed to determine possible 
ĐŽŵƉĞŶƐĂƟŽŶŵĞĐŚĂŶŝƐŵƐĨŽůůŽǁŝŶŐWDϰĂďůĂƟŽŶ͘ǆƉƌĞƐƐŝŽŶŽĨƚŚĞĞƉŝƚŚĞůŝĂůĂ2+ 
ĐŚĂŶŶĞů dZWsϱ͕ ƚŚĞ ƐŽͲĐĂůůĞĚĂ2+ gatekeeper of the late DCT and CNT (27), was not 
ƐŝŐŶŝĮĐĂŶƚůǇĚŝīĞƌĞŶƚďĞƚǁĞĞŶŐƌŽƵƉƐ;&ŝŐƵƌĞϯĂͿ͘/ŶĂĚĚŝƟŽŶ͕ŽƚŚĞƌŐĞŶĞƐŝŶǀŽůǀĞĚŝŶ
Ca2+ƌĞĂďƐŽƌƉƟŽŶŝŶƚŚĞůĂƚĞdĂŶĚEd͕ ŝŶĐůƵĚŝŶŐEyϭ͕WDϭ͕ĂW28kĂŶĚĂW9k, 
&ŝŐƵƌĞϮͮ EŽĚŝīĞƌĞŶĐĞŝŶƐĞƌƵŵĂŶĚƵƌŝŶĂƌǇĂ2+ ůĞǀĞůƐďĞƚǁĞĞŶƚŚĞĚŝīĞƌĞŶƚWDϰŐĞŶŽƚǇƉĞƐ͘ Serum 
Ca2+ (A) and 24-hour urinary Ca2+ ĞǆĐƌĞƟŽŶ;BͿŝŶǁŝůĚƚǇƉĞ;td͕ ŶсϭϬͿ͕ŚĞƚĞƌŽǌǇŐŽƵƐ;,͕ŶсϳͿĂŶĚWDϰ
knockout (KO, n=10) mice. Data represents mean ± S.E.M.
&ŝŐƵƌĞϭͮŽŶĮƌŵĂƟŽŶŽĨWDϰŬŶŽĐŬŽƵƚ ŝŶ ƚŚĞŬŝĚŶĞǇ͘ (AͿZĞŶĂů ƌĞůĂƟǀĞŵZEĞǆƉƌĞƐƐŝŽŶ ůĞǀĞůƐ
;ĐŽƌƌĞĐƚĞĚĨŽƌ'W,ͿŽĨWDϰŝŶǁŝůĚƚǇƉĞ;td͕ ŶсϭϬͿ͕ŚĞƚĞƌŽǌǇŐŽƵƐ;,͕ŶсϳͿĂŶĚŬŶŽĐŬŽƵƚ;<K͕ŶсϭϬͿ
ŵŝĐĞ͘ĂƚĂƌĞƉƌĞƐĞŶƚƐŵĞĂŶц^͘͘D͘ΎWфϬ͘ϬϱĐŽŵƉĂƌĞĚƚŽtd͘ ZĞĂůͲƟŵĞWZƉƌŽĚƵĐƚƐǁĞƌĞƐƵďũĞĐƚĞĚ
to 2% (w/v) agarose gel electrophoresis. (B-DͿ ZĞƉƌĞƐĞŶƚĂƟǀĞ ŝŵŵƵŶŽŇƵŽƌĞƐĐĞŶĐĞ ŝŵĂŐĞ ĨŽƌ WDϰ
expression in mouse kidney cortex of wild type (BͿĂŶĚWDϰŬŶŽĐŬŽƵƚŵŝĐĞ;C). (DͿEĞŐĂƟǀĞĐŽŶƚƌŽů
ǁŝƚŚŽƵƚƚŚĞƉƌŝŵĂƌǇĂŶƟďŽĚǇ͘
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ǁĞƌĞƐŝŵŝůĂƌďĞƚǁĞĞŶƚŚĞŐĞŶŽƚǇƉĞƐ;&ŝŐƵƌĞϯďͲĞͿ͘/ŶĂĚĚŝƟŽŶ͕ƌĞŶĂůƉƌŽƚĞŝŶĞǆƉƌĞƐƐŝŽŶ
ŽĨĂW28kĂŶĚEyϭǁĂƐŶŽƚƐŝŐŶŝĮĐĂŶƚůǇĚŝīĞƌĞŶƚďĞƚǁĞĞŶŐƌŽƵƉƐ;&ŝŐƵƌĞϯĨͲŐͿ͘ĞƐŝĚĞƐ
ŬŝĚŶĞǇ͕ ĚƵŽĚĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶŽĨĂ2+-related genes was measured to establish if 
ƉŽƚĞŶƟĂůĐŽŵƉĞŶƐĂƟŽŶŽĐĐƵƌƌĞĚŝŶƚŚĞĚƵŽĚĞŶƵŵ͘EŽĚŝīĞƌĞŶĐĞǁĂƐĨŽƵŶĚĨŽƌdZWsϲ͕
ƚŚĞĂĐƟǀĞĂ2+ ĂďƐŽƌƉƟŽŶĐŚĂŶŶĞůŝŶƚŚĞĚƵŽĚĞŶƵŵ;ϮϴͿ;&ŝŐƵƌĞϰĂͿ͘DŽƌĞŽǀĞƌ͕ Eyϭ͕
WDϭĂŶĚĂW9k were comparable between the three genotypes (Figure 4b-d). 
PMCA4 KO mice show increased FGF23 levels 
/ŶŽƌĚĞƌƚŽŝŶǀĞƐƟŐĂƚĞǁŚĞƚŚĞƌŚŽƌŵŽŶĂůĂ2+ ƌĞŐƵůĂƟŽŶŝƐĐŚĂŶŐĞĚŝŶWDϰ<KŵŝĐĞ͕Wd,
ǁĂƐŵĞĂƐƵƌĞĚŝŶƐĞƌƵŵ͘EŽƐŝŐŶŝĮĐĂŶƚĚŝīĞƌĞŶĐĞǁĂƐƉƌĞƐĞŶƚďĞƚǁĞĞŶƚŚĞƚŚƌĞĞŐƌŽƵƉƐ
ŽĨŵŝĐĞ;&ŝŐƵƌĞϱĂͿ͘DŽƌĞŽǀĞƌ͕ ƌĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶŽĨǀŝƚĂŵŝŶĂĐƟǀĂƟŶŐ;ǇƉϮϳďϭͿ
ĂŶĚďƌĞĂŬĚŽǁŶ;ǇƉϮϰĂϭͿĞŶǌǇŵĞƐǁĂƐŝŶǀĞƐƟŐĂƚĞĚ͕ĂŶĚƚŚĞŝƌĞǆƉƌĞƐƐŝŽŶǁĂƐĨŽƵŶĚŶŽƚ
ƚŽƐŝŐŶŝĮĐĂŶƚůǇĚŝīĞƌďĞƚǁĞĞŶŐĞŶŽƚǇƉĞƐ;&ŝŐƵƌĞϱďͲĐͿ͘^ĞƌƵŵ&'&ϮϯůĞǀĞůƐǁĞƌĞ͕ŚŽǁĞǀĞƌ͕ 
ƐŝŐŶŝĮĐĂŶƚůǇŚŝŐŚĞƌŝŶWDϰ<KŵŝĐĞĐŽŵƉĂƌĞĚƚŽtd;&ŝŐƵƌĞϰĚͿ͘^ŝŶĐĞ&'&ϮϯŝƐŝŶǀŽůǀĞĚ
ŝŶƌĞŐƵůĂƟŶŐWi homeostasis, serum Pi and 24-hour urinary PiĞǆĐƌĞƟŽŶǁĞƌĞĚĞƚĞƌŵŝŶĞĚ͘
dŚĞƌĞǁĞƌĞ͕ŚŽǁĞǀĞƌ͕ ŶŽƐŝŐŶŝĮĐĂŶƚĚŝīĞƌĞŶĐĞƐďĞƚǁĞĞŶŐƌŽƵƉƐ;&ŝŐƵƌĞϲĂͲďͿ͘/ŶĂĚĚŝƟŽŶ͕
renal expression of klotho and Na+/Pi ĐŽͲƚƌĂŶƐƉŽƌƚĞƌƐEĂWŝͲ//ĂĂŶĚEĂWŝͲ//ĐǁĞƌĞĚĞƚĞƌŵŝŶĞĚ͕
ƚŚŽƵŐŚĂůƐŽŚĞƌĞŶŽƐŝŐŶŝĮĐĂŶƚĚŝīĞƌĞŶĐĞƐǁĞƌĞŽďƐĞƌǀĞĚ;&ŝŐƵƌĞϲĐͲĞͿ͘
&ŝŐƵƌĞϯͮEŽĞīĞĐƚŽĨWDϰĂďůĂƟŽŶŽŶŵZEŽƌƉƌŽƚĞŝŶůĞǀĞůƐŽĨĂ2+ͲƌĞůĂƚĞĚŐĞŶĞƐŝŶƚŚĞŬŝĚŶĞǇ͘
ZĞůĂƟǀĞŵZEĞǆƉƌĞƐƐŝŽŶůĞǀĞůƐ;ĐŽƌƌĞĐƚĞĚĨŽƌ'W,ͿŽĨdZWsϱ;A), NCX1 (BͿ͕WDϭ;C), calbindin-
D28k ;ĂW28k, D) and calbindin-D9k ;ĂW9k, EͿ ǁĞƌĞ ĚĞƚĞƌŵŝŶĞĚ ŝŶ ŬŝĚŶĞǇƐ ŽĨ ǁŝůĚ ƚǇƉĞ ;td͕  ŶсϭϬͿ͕
ŚĞƚĞƌŽǌǇŐŽƵƐ;,͕ŶсϳͿĂŶĚWDϰŬŶŽĐŬŽƵƚŵŝĐĞ;<K͕ŶсϭϬͿ͘;FͿZĞƉƌĞƐĞŶƚĂƟǀĞŝŵŵƵŶŽďůŽƚŽĨƌĞŶĂů
ĂW28kĂŶĚEyϭƉƌŽƚĞŝŶĞǆƉƌĞƐƐŝŽŶŝŶƚŚĞƚŚƌĞĞŐƌŽƵƉƐ͘ĞƚĂͲĂĐƟŶǁĂƐƵƐĞĚĂƐůŽĂĚŝŶŐĐŽŶƚƌŽů͘;G) 
^ĞŵŝͲƋƵĂŶƟĮĐĂƟŽŶŽĨŝŵŵƵŶŽďůŽƚƐŽĨĂW28kĂŶĚEyϭ͕ĐŽƌƌĞĐƚĞĚĨŽƌďĞƚĂͲĂĐƟŶĂŶĚĐŽŵƉĂƌĞĚƚŽtd͘ 
Data represents mean ± S.E.M. 
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5Figure 4 | EŽĞīĞĐƚŽĨWDϰĂďůĂƟŽŶŽŶŵZEĞǆƉƌĞƐƐŝŽŶŽĨĂ2+ͲƌĞůĂƚĞĚŐĞŶĞƐŝŶĚƵŽĚĞŶƵŵ͘dZWsϲ
(A), NCX1 (BͿ͕ WDϭ ;C) and calbindin-D9k ;ĂW9k, DͿ ƌĞůĂƟǀĞŵZEĞǆƉƌĞƐƐŝŽŶ ůĞǀĞůƐ ;ĐŽƌƌĞĐƚĞĚ ĨŽƌ
'W,ͿǁĞƌĞĂŶĂůǇǌĞĚ ŝŶ ƚŚĞĚƵŽĚĞŶƵŵŽĨǁŝůĚ ƚǇƉĞ ;td͕ ŶсϭϬͿ͕ŚĞƚĞƌŽǌǇŐŽƵƐ ;,͕ŶсϳͿĂŶĚWDϰ
knockout mice (KO, n=10). Data represents mean ± S.E.M.
&ŝŐƵƌĞϱͮWDϰĂďůĂƟŽŶĚŽĞƐŶŽƚĂīĞĐƚƐĞƌƵŵWd,ďƵƚŝŶĐƌĞĂƐĞƐ&'&ϮϯƐĞƌƵŵ levels (A) Serum PTH 
ůĞǀĞůƐǁĞƌĞŵĞĂƐƵƌĞĚŝŶǁŝůĚƚǇƉĞ;td͕ ŶсϭϬͿ͕ŚĞƚĞƌŽǌǇŐŽƵƐ;,͕ŶсϳͿĂŶĚWDϰŬŶŽĐŬŽƵƚŵŝĐĞ;<K͕
ŶсϭϬͿ͘ZĞůĂƟǀĞŵZEĞǆƉƌĞƐƐŝŽŶůĞǀĞůƐ;ĐŽƌƌĞĐƚĞĚĨŽƌ'W,ͿŽĨƚŚĞƌĞŶĂůǀŝƚĂŵŝŶĂĐƟǀĂƟŶŐĞŶǌǇŵĞ
Cyp27b1 (B) and vitamin D degrading enzyme Cyp24a1 (C). (DͿ ^ĞƌƵŵ&'&Ϯϯ ůĞǀĞůƐǁĞƌĞ ƐŝŐŶŝĮĐĂŶƚůǇ
ŚŝŐŚĞƌŝŶ<KŵŝĐĞĐŽŵƉĂƌĞĚƚŽtd͘ ĂƚĂƌĞƉƌĞƐĞŶƚƐŵĞĂŶц^͘͘D͕ΎWфϬ͘ϬϱĐŽŵƉĂƌĞĚƚŽtd͘
&ŝŐƵƌĞϲͮEŽĚŝīĞƌĞŶĐĞŝŶƐĞƌƵŵWi or 24-hour urinary PiĞǆĐƌĞƟŽŶďĞƚǁĞĞŶƚŚĞĚŝīĞƌĞŶƚŐĞŶŽƚǇƉĞƐ͘
Serum Pi (A) and 24-hour urinary PiĞǆĐƌĞƟŽŶ ;BͿ ŝŶǁŝůĚ ƚǇƉĞ ;td͕ ŶсϭϬͿ͕ŚĞƚĞƌŽǌǇŐŽƵƐ ;,͕ŶсϳͿĂŶĚ
ŬŶŽĐŬŽƵƚ ;<K͕ ŶсϭϬͿŵŝĐĞ͘ ZĞůĂƟǀĞŵZE ĞǆƉƌĞƐƐŝŽŶ ŽĨEĂWŝͲ//Ă ;CͿ͕ EĂWŝͲ//Đ ;D) and klotho (E) were 
determined in the kidney. Data represents mean ± S.E.M. 
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Discussion 
/ŵƉŽƌƚĂŶƚůǇ͕ ĨŽƌƚŚĞĮƌƐƚƟŵĞ͕ƚŚŝƐƐƚƵĚǇĂŝŵĞĚƚŽĐŚĂƌĂĐƚĞƌŝǌĞƚŚĞƌĞŶĂůƌŽůĞŽĨWDϰ͘
WDϰ ŚĂƐ ƌĞĐĞŶƚůǇ ďĞĞŶ ůŽĐĂůŝǌĞĚ ŝŶ Ă2+ ƚƌĂŶƐƉŽƌƟŶŐ ĞƉŝƚŚĞůŝĂů ĐĞůůƐ͕ ƉƌŽŵŽƟŶŐ
ƐƉĞĐƵůĂƟŽŶĂďŽƵƚŝƚƐĨƵŶĐƟŽŶĂůƌŽůĞŝŶƚƌĂŶƐĐĞůůƵůĂƌĂ2+ transport at the distal nephron 
;ϮϬ͕ϮϮͿ͘/ŶƚŚŝƐƐƚƵĚǇǁĞƐŚŽǁƚŚĂƚĂďůĂƟŽŶŽĨWDϰŚĂƐŶŽƐŝŐŶŝĮĐĂŶƚĞīĞĐƚŽŶƐĞƌƵŵ
Ca2+ level or on renal Ca2+ ĞǆĐƌĞƟŽŶ͘DŽƌĞŽǀĞƌ͕ WDϰ<KŵŝĐĞĚŝĚŶŽƚƐŚŽǁĂ2+-related 
ŵZEĐŽŵƉĞŶƐĂƟŽŶŝŶƚŚĞŬŝĚŶĞǇŽƌĚƵŽĚĞŶƵŵ͘
The Ca2+ ĐŽŶĐĞŶƚƌĂƟŽŶŝŶƚŚĞďŽĚǇŶĞĞĚƐƚŽďĞƟŐŚƚůǇƌĞŐƵůĂƚĞĚĨŽƌŵƵůƟƉůĞƉŚǇƐŝŽůŽŐŝĐĂů
processes (3,29). Disturbances in Ca2+ homeostasis can result in osteoporosis, heart failure 
ŽƌŬŝĚŶĞǇƐƚŽŶĞƐ;ϯϬ͕ϯϭͿ͘dŚĞůĂƚĞdĂŶĚEdĂƌĞƌĞƐƉŽŶƐŝďůĞĨŽƌƌĞŐƵůĂƚĞĚĂĐƟǀĞĂ2+ 
uptake, via the transcellular pathway. On the apical side, Ca2+ ĞŶƚĞƌƐƚŚĞĐĞůůǀŝĂdZWsϱ͕
ǁŚĞƌĞĂƐ Eyϭ ĂŶĚ WDϭ ĂŶĚͬŽƌ ϰ͕ ůŽĐĂƚĞĚ ďĂƐŽůĂƚĞƌĂůůǇ͕  ĂƌĞ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ Ă2+ 
ĞǆƚƌƵƐŝŽŶ;ϭϬ͕ϭϭ͕ϮϮͿ͘/ƚǁĂƐĐŽŶƐŝĚĞƌĞĚƚŚĂƚWDϭǁĂƐƌĞƐƉŽŶƐŝďůĞĨŽƌůĂƚĞdĂŶĚEd
Ca2+ extrusion, since in the duodenum it is the principal Ca2+ ĞŋƵǆŵĞĐŚĂŶŝƐŵ ;ϭϵ͕ϯϮͿ͘
,ŽǁĞǀĞƌ͕ sĂŶĚĞƌ,ĂŐĞŶet al͘ƐŚŽǁĞĚƚŚĂƚƚŚĞƌĞǁĂƐƌĞůĂƟǀĞůǇŵŽƌĞŵZEĞǆƉƌĞƐƐŝŽŶ
ŽĨWDϰŝŶƚŚĞ ůĂƚĞdĂŶĚEdĐŽŵƉĂƌĞĚƚŽƚŽƚĂůŬŝĚŶĞǇ͕ ǁŚĞƌĞĂƐWDϭǁĂƐŶŽƚ
ĞŶƌŝĐŚĞĚŝŶƚŚŝƐƐĞŐŵĞŶƚ;ϮϮͿ͘dŚŝƐǁĂƐĐŽŶĮƌŵĞĚĂƚƚŚĞƉƌŽƚĞŝŶ ůĞǀĞů͕ǁŚĞƌĞƚŚĞŵŽƐƚ
ŝŶƚĞŶƐĞĞǆƉƌĞƐƐŝŽŶŽĨWDϰ ŝŶ ƚŚĞ ŬŝĚŶĞǇǁĂƐŽďƐĞƌǀĞĚ ŝŶ dZWsϱĞǆƉƌĞƐƐŝŶŐ ƚƵďƵůĞƐ
;ϮϬ͕ϮϮͿ͘/ŶĂĚĚŝƟŽŶ͕ƚŚĞdZWsϱ<KŵŽƵƐĞƐŚŽǁĞĚĂĚĞĐƌĞĂƐĞŝŶŵZEůĞǀĞůƐŽĨĂW28k, 
EyϭĂŶĚWDϰ͕ďƵƚŶŽƚWDϭ;ϮϮͿ͘&ƵƌƚŚĞƌŵŽƌĞ͕ƉĂƌĂƚŚǇƌŽŝĚĞĐƚŽŵŝǌĞĚƌĂƚƐ͕ŬůŽƚŚŽ
<KŵŝĐĞĂŶĚϭɲͲŚǇĚƌŽǆǇůĂƐĞ<KŵŝĐĞƐŚŽǁĞĚĐŽͲƌĞŐƵůĂƟŽŶŽĨdZWsϱ͕ĂW28k and NCX1, 
ďƵƚŶŽƚŽĨWDϭ;ϱ͕ϲ͕ϯϯͿ͘dŚĞƌĞĨŽƌĞ͕ǁĞŚǇƉŽƚŚĞƐŝǌĞĚƚŚĂƚWDϰ͕ƌĂƚŚĞƌƚŚĂŶWDϭ͕
is the predominant pump for renal Ca2+ homeostasis in the late DCT and CNT. However, in 
ƚŚŝƐƐƚƵĚǇƚŚĞWDϰ<KŵŝĐĞĚŝĚŶŽƚƐŚŽǁĂŶŝŶĐƌĞĂƐĞŝŶƵƌŝŶĂƌǇĂ2+ ĞǆĐƌĞƟŽŶ͘WDϭ
ĂŶĚͬŽƌ EyϭŵŝŐŚƚ ŚĂǀĞ ĐŽŵƉĞŶƐĂƚĞĚ ĨŽƌ ƚŚĞ ĂďůĂƟŽŶ ŽĨ WDϰ͕ ŶŽƌŵĂůŝǌŝŶŐ ƐĞƌƵŵ
Ca2+ and urinary Ca2+ ĞǆĐƌĞƟŽŶ͘,ŽǁĞǀĞƌ͕ ƚŚĞƌĞǁĂƐŶŽƐŝŐŶŝĮĐĂŶƚƵƉƌĞŐƵůĂƟŽŶŽĨEyϭ
ĂƚŐĞŶĞĂŶĚƉƌŽƚĞŝŶůĞǀĞů͕ŽƌŝŶĐƌĞĂƐĞĚŵZEĞǆƉƌĞƐƐŝŽŶĨŽƌWDϭŝŶWDϰ<KŵŝĐĞ͘
dŽƚĂůĂďůĂƟŽŶŽĨĞŝƚŚĞƌEyϭŽƌWDϭŝƐĞŵďƌǇŽŶŝĐůĞƚŚĂů ŝŶŵŝĐĞ͕ŚĞŶĐĞƚŚĞŝƌƌŽůĞŝŶ
Ca2+ extrusion in late DCT and CNT cannot be determined by using a global KO (13,34). On 
ƚŚĞĐŽŶƚƌĂƌǇ͕ dZWsϱ<KŵŝĐĞĂƌĞǀŝĂďůĞďƵƚƉƌĞƐĞŶƚǁŝƚŚ ƐĞǀĞƌĞŚǇƉĞƌĐĂůĐŝƵƌŝĂ ;Ϯϭ͕ϯϱͿ͘
DŝĐĞǁŝƚŚĚĞƉůĞƟŽŶŽĨƚŚĞĂ2+ ƐŚƵƩůŝŶŐƉƌŽƚĞŝŶĂW28k show varying results concerning 
their Ca2+ ĞǆĐƌĞƟŽŶ͕ǁŝƚŚŶŽĚŝīĞƌĞŶĐĞŽƌŝŶĐƌĞĂƐĞĚĂ2+ ĞǆĐƌĞƟŽŶĐŽŵƉĂƌĞĚƚŽtdŵŝĐĞ͕
ĚĞƉĞŶĚŝŶŐŽŶƚŚĞƐƚƵĚǇ;Ϯϳ͕ϯϲͲϯϴͿ͘/ŶĂĚĚŝƟŽŶ͕'ŬŝŬĂet al.ƚƌĞĂƚĞĚĂW28k KO mice with 
a low and high Ca2+ diet (0.02% w/w or 2% w/w), and did not observe a disturbance in 
Ca2+ ŚŽŵĞŽƐƚĂƐŝƐ͕ĞǀĞŶƚŚŽƵŐŚĂW28k is involved in transcellular Ca2+ transport (27). This 
ƐƵŐŐĞƐƚƐƚŚĂƚǁĞĐĂŶŶŽƚŶĞĐĞƐƐĂƌŝůǇƌƵůĞŽƵƚWDϰŚĂǀŝŶŐĂƌŽůĞŝŶƌĞŶĂůĂ2+ handling 
ĞǀĞŶƚŚŽƵŐŚƚŚĞWDϰ<KŵŽƵƐĞĚŽĞƐŶŽƚƐŚŽǁĂĐŚĂŶŐĞĚĂ2+ homeostasis.
ƚƚŚĞŝŶƚĞƐƟŶĂůůĞǀĞůƚŚĞWDϰ<KŵŝĐĞĚŝĚŶŽƚƐŚŽǁĂĚŝīĞƌĞŶĐĞŝŶƚŚĞĂ2+ͲƌĞŐƵůĂƟŶŐ
ŐĞŶĞƐ͕ŝŶĚŝĐĂƟŶŐƚŚĂƚŶŽĐŽŵƉĞŶƐĂƟŽŶŽĐĐƵƌƌĞĚ͘ZĞĐĞŶƚůǇůĞǆĂŶĚĞƌet al., have shown that 
WDϰŝƐůŽĐĂƚĞĚŝŶƚŚĞƐŵŽŽƚŚŵƵƐĐůĞůĂǇĞƌŽĨƚŚĞŝŶƚĞƐƟŶĞ͕ĂŶĚŶŽƚŝŶƚŚĞĞŶƚĞƌŽĐǇƚĞƐ͕
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ǁŚĞƌĞWDϭǁĂƐŵŽƌĞŚŝŐŚůǇĚĞƚĞĐƚĞĚ;ϮϬͿ͕ƐƵŐŐĞƐƟŶŐƚŚĂƚWDϭ͕ƌĂƚŚĞƌƚŚĂŶWDϰ͕
is primarily involved in transcellular Ca2+ ƚƌĂŶƐƉŽƌƚŝŶƚŚĞĚƵŽĚĞŶƵŵ;ϮϬ͕Ϯϴ͕ϯϵͿ͘ŶĞĂƌůŝĞƌ
ƐƚƵĚǇ ŚĂƐ ƐŚŽǁŶ ƚŚĂƚ WDϰ<KŵŝĐĞ ƉƌĞƐĞŶƚĞĚǁŝƚŚ ůŽǁĞƌ ƚƌĂďĞĐƵůĂƌ ďŽŶĞ ǀŽůƵŵĞ͕
ůŽǁĞƌďŽŶĞŵŝŶĞƌĂůĚĞŶƐŝƚǇĂŶĚĂŶŝŶĐƌĞĂƐĞŝŶŽƐƚĞŽĐůĂƐƚƐƵƌĨĂĐĞĂƌĞĂĐŽŵƉĂƌĞĚƚŽtd
ŵŝĐĞ;ϰϬͿ͘ŽŶĞĐŽƵůĚďĞĂƐŽƵƌĐĞŽĨĂ2+ to maintain a normal serum Ca2+ ůĞǀĞů͖ŚŽǁĞǀĞƌ͕ 
ƚŚĞƌĞǁĂƐŶŽŝŶĚŝĐĂƟŽŶŽĨƌĞŶĂůĂ2+ ǁĂƐƟŶŐŝŶŽƵƌŵŝĐĞƐƚƵĚŝĞĚŚĞƌĞ͘
Ca2+ homeostasis is mainly regulated by PTH and 1,25(OH)2D3 in response to low serum 
Ca2+ ůĞǀĞůƐ ;ϰϭͿ͘dŚĞWDϰ<KŵŝĐĞĚŽŶŽƚƐŚŽǁĚŝīĞƌĞŶĐĞƐ ŝŶǇƉϮϳďϭŽƌǇƉϮϰĂϭ
ŵZE͕ ŶŽƌ ŝŶ ƐĞƌƵŵ Wd,͕ ĐŽŵƉĂƌĞĚ ƚŽtdŵŝĐĞ͘ dŚŝƐ ŝƐ ĐŽŶƐŝƐƚĞŶƚ ǁŝƚŚ ŽƵƌ ŽƚŚĞƌ
ŽďƐĞƌǀĂƟŽŶƐǁŚĞƌĞWd,ͲĂŶĚϭ͕Ϯϱ;K,Ϳ2D3ͲƌĞŐƵůĂƚĞĚŐĞŶĞƐ͕ƐƵĐŚĂƐdZWsϱĂŶĚdZWsϲ͕
ĂƌĞŶŽƚĐŚĂŶŐĞĚ;ϱ͕ϲ͕ϰϮͿ͘DŽƌĞŽǀĞƌ͕ WDϰ<KŵŝĐĞƉƌĞƐĞŶƚĞĚǁŝƚŚƐŝŐŶŝĮĐĂŶƚůǇůŽǁĞƌ
ǁĂƚĞƌŝŶƚĂŬĞ͘,ŽǁĞǀĞƌ͕ ƐŝŶĐĞƚŚĞƌĞǁĞƌĞŶŽĐŚĂŶŐĞƐŝŶďŽĚǇǁĞŝŐŚƚŽƌƵƌŝŶĂƌǇĞǆĐƌĞƟŽŶ͕
ƚŚŝƐĐŽƵůĚŚĂǀĞďĞĞŶĐĂƵƐĞĚďǇďŝŽůŽŐŝĐĂůǀĂƌŝĂƟŽŶ͘/ŶĂĚĚŝƟŽŶ͕ǁĞŬŶŽǁŽĨŶŽƌĞƉŽƌƚƐ
ŝŶĚŝĐĂƟŶŐĂŶŝŶǀŽůǀĞŵĞŶƚŽĨWDϰŝŶƚŚŝƌƐƚĂŶĚͬŽƌǁĂƚĞƌŚŽŵĞŽƐƚĂƐŝƐ͘ /ŶƚĞƌĞƐƟŶŐůǇ͕ 
&'&ϮϯůĞǀĞůƐǁĞƌĞŝŶĐƌĞĂƐĞĚŝŶWDϰ<KŵŝĐĞ͘/ŶƚŚĞŬŝĚŶĞǇ͕ &'&ϮϯĚĞĐƌĞĂƐĞƐEĂWŝͲ
//Ă ĂŶĚ EĂWŝͲ//Đ ĞǆƉƌĞƐƐŝŽŶ͕ ƌĞƐƵůƟŶŐ ŝŶ ŝŶĐƌĞĂƐĞĚ ƵƌŝŶĂƌǇ ƉŚŽƐƉŚĂƚĞ ĞǆĐƌĞƟŽŶ ;ϰϯͿ͘
/Ŷ ĂĚĚŝƟŽŶ͕ ŝƚ ĚŽǁŶƌĞŐƵůĂƚĞƐǇƉϮϳďϭĂŶĚ ŝŶĐƌĞĂƐĞƐǇƉϮϰĂϭĞǆƉƌĞƐƐŝŽŶ ;ϰϰͿ͘ dŚĞƐĞ
ĐŽŶƐĞƋƵĞŶĐĞƐǁĞƌĞŶŽƚŽďƐĞƌǀĞĚŝŶWDϰ<KŵŝĐĞ͘dŚŝƐƐƵŐŐĞƐƚƐƚŚĂƚWDϰŵŝŐŚƚ
ďĞŝŶǀŽůǀĞĚŝŶ&'&ϮϯƉƌŽĚƵĐƟŽŶĂŶĚͬŽƌƐŝŐŶĂůŝŶŐ͕ĂůƚŚŽƵŐŚŵŽƌĞƌĞƐĞĂƌĐŚŝƐŶĞĐĞƐƐĂƌǇ
ƚŽĐŽŶĮƌŵƚŚŝƐ͘ĞƐŝĚĞƐŝƚƐƌŽůĞĂƐŐĞŶĞƌĂůĂ2+ extruder, others have already shown the 
ŝŶǀŽůǀĞŵĞŶƚŽĨWDϰŝŶƐŝŐŶĂůŝŶŐƚƌĂŶƐĚƵĐŝŶŐƉĂƚŚǁĂǇƐĂƐǁĞůů;ϰϱ͕ϰϲͿ͘
/ŶĐŽŶĐůƵƐŝŽŶ͕WDϰĚŽĞƐŶŽƚƐĞĞŵƚŽďĞǀŝƚĂůĨŽƌďĂƐĂůƌĞŶĂůĂ2+ handling. However, 
ƚŚĞƉƌĞƐĞŶĐĞŽĨWDϰŝŶƐƉĞĐŝĮĐƐĞŐŵĞŶƚƐŽĨƚŚĞŬŝĚŶĞǇƉŽŝŶƚƐƚŽƚŚĞŵŽůĞĐƵůĞŚĂǀŝŶŐ
ĂĚŝīĞƌĞŶƚŽƌĂĚĚŝƟŽŶĂůƌŽůĞĐŽŵƉĂƌĞĚƚŽWDϭĂŶĚƚŚĞƌĞĨŽƌĞ͕ƚŚĞŝƌĞǆĂĐƚƌŽůĞƐƐŚŽƵůĚ
ďĞŝŶǀĞƐƟŐĂƚĞĚŝŶŵŽƌĞĚĞƚĂŝů͘
ĐŬŶŽǁůĞĚŐĞŵĞŶƚƐ
dŚŝƐ ǁŽƌŬ ŝƐ ƐƵƉƉŽƌƚĞĚ ďǇ ĐŽŶƐŽƌƟƵŵ ŐƌĂŶƚ ĨƌŽŵ ƚŚĞ ƵƚĐŚ <ŝĚŶĞǇ &ŽƵŶĚĂƟŽŶ
;E/'ZD ĐŽŶƐŽƌƟƵŵ͕ 'ƌĂŶƚ EŽ͘ WϭϬ͘ϭϭͿ ĂŶĚ Ă ƉƌŽŐƌĂŵ ŐƌĂŶƚ ĨƌŽŵ ƚŚĞ DĞĚŝĐĂů
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Chapter 6
Abstract
ĂĐŬŐƌŽƵŶĚ͗ &ŝŶĞͲƚƵŶŝŶŐ ŽĨ ƌĞŶĂů ĐĂůĐŝƵŵ ;Ă2+Ϳ ƌĞĂďƐŽƌƉƟŽŶ ƚĂŬĞƐ ƉůĂĐĞ ŝŶ ƚŚĞ ůĂƚĞ
ĚŝƐƚĂůĐŽŶǀŽůƵƚĞĚĂŶĚĐŽŶŶĞĐƟŶŐƚƵďƵůĞƐ;dϮͬEdͿŽĨƚŚĞŬŝĚŶĞǇǀŝĂƚƌĂŶƐĐĞůůƵůĂƌĂ2+ 
transport. Here, Ca2+ enters the cell at the apical side via the epithelial Ca2+ channel 
dZWsϱĂŶĚ ŝƐ ƐƵďƐĞƋƵĞŶƚůǇĞǆƚƌƵĚĞĚĂƚ ƚŚĞďĂƐŽůĂƚĞƌĂů ƐŝĚĞďǇ ƚŚĞĐŽŶĐĞƌƚĞĚĂĐƟŽŶƐ
of the plasma membrane Ca2+ dWĂƐĞƐ WD ĂŶĚ ƚŚĞ EĂ+/Ca2+ exchanger 1 (NCX1). 
Eyϭ ŝƐƌĞƐƉŽŶƐŝďůĞ ĨŽƌΕϳϬйŽĨďĂƐŽůĂƚĞƌĂůĂ2+ extrusion. The aim of this study was 
to determine the predominant NCX1 variant in the kidney and its role in Ca2+ transport.
DĞƚŚŽĚƐ͗dϮͬEdƐƉĞĐŝĮĐ ƚƵďƵůĞƐǁĞƌĞƵƐĞĚ ƚŽ ƐŚŽǁĂďƵŶĚĂŶĐĞŽĨEyϭƐƉĞĐŝĮĐ
ŝƐŽĨŽƌŵƐ͘ ZĞŶĂů Eyϭ ǀĂƌŝĂŶƚƐ ǁĞƌĞ ĐůŽŶĞĚ ĨƌŽŵ ŵŽƵƐĞ ŬŝĚŶĞǇ ƟƐƐƵĞ͘ ,ƵŵĂŶ
Embryonic Kidney (HEK) 293(T) cells were transiently transfected with NCX1.3 and 
Fura-2 measurements and 45Ca2+ uptake assays were performed to determine several 
ĐŚĂƌĂĐƚĞƌŝƐƟĐƐŽĨEyϭ͘ϯŝŶƚŚĞƌĞǀĞƌƐĞͲŵŽĚĞ͘
Results: NCX1.3 was demonstrated to be the predominant NCX1 variant in the DCT2/
Ed͕ ŶĞǆƚ ƚŽEyϭ͘ϮĂŶĚEyϭ͘ϳ͘Eyϭ͘ϯĐŽƵůĚďĞ ŝŶŚŝďŝƚĞĚďǇ^EͲϲ͕ĂŶEyƐƉĞĐŝĮĐ
ŝŶŚŝďŝƚŽƌ͕ ǁŚĞƌĞĂƐƐƟŵƵůĂƟŽŶŽĨƚŚĞĐDWͬW<ŽƌW<ͲŵĞĚŝĂƚĞĚƉĂƚŚǁĂǇĚŝĚŶŽƚĂīĞĐƚ
Ca2+ ŝŶŇƵǆĂƐŵĞĂƐƵƌĞĚŝŶƚŚĞƌĞǀĞƌƐĞͲŵŽĚĞ͘>ŽǁĞƌŝŶŐŝŶƚƌĂĐĞůůƵůĂƌĂ2+ ĐŽŶĐĞŶƚƌĂƟŽŶƐ
resulted in a decreased Ca2+ uptake. 
ŽŶĐůƵƐŝŽŶ͗Eyϭ͘ϯŝƐƚŚĞƉƌĞĚŽŵŝŶĂŶƚEyǀĂƌŝĂŶƚŝŶƚŚĞdϮͬEdƚƵďƵůĞƐ͘/ƚƐĨƵŶĐƟŽŶ
is dependent on intracellular Ca2+ ĐŽŶĐĞŶƚƌĂƟŽŶƐ͘
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/ŶƚƌŽĚƵĐƟŽŶ
The Na+/Ca2+ exchanger 1 (NCX1) is widely expressed in the body and generally controls 
intracellular calcium (Ca2+) levels by extruding Ca2+ from the cell. However, in the kidney 
NCX1 is also involved in the highly regulated process of transcellular Ca2+ƌĞĂďƐŽƌƉƟŽŶ͕
ƌĞŐƵůĂƟŶŐĮŶĂůĞǆĐƌĞƟŽŶŽĨĂ2+ via the urine and thus overall Ca2+ďĂůĂŶĐĞ;ϭ͕ϮͿ͘/ŶƚŚĞ
ůĂƚĞĚŝƐƚĂůĐŽŶǀŽůƵƚĞĚĂŶĚĐŽŶŶĞĐƟŶŐƚƵďƵůĞƐ;dϮͬEdͿŽĨƚŚĞŶĞƉŚƌŽŶ͕ƚŚĞĞƉŝƚŚĞůŝĂů
Ca2+ ĐŚĂŶŶĞů dƌĂŶƐŝĞŶƚZĞĐĞƉƚŽƌWŽƚĞŶƟĂůsĂŶŝůůŽŝĚϱ ;dZWsϱͿ ŝƐ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌĞŶƚƌǇ
of Ca2+ ĨƌŽŵ ƚŚĞ ƚƵďƵůĂƌ ůƵŵĞŶ ŝŶƚŽ ƚŚĞ ĐĞůůƐ ;ϯͿ͘ dŚĞƌĞĂŌĞƌ͕ Ă2+ ŝƐ ƐŚƵƩůĞĚ ƚŽǁĂƌĚƐ
the basolateral side by the Ca2+ binding protein calbindin-D28k (4,5), where it is extruded 
ƚŽǁĂƌĚƐƚŚĞďůŽŽĚďǇƚŚĞdWͲĚĞƉĞŶĚĞŶƚƉůĂƐŵĂŵĞŵďƌĂŶĞĂ2+ͲdWĂƐĞƐ ;WDϭͬϰͿ
and the Na+/Ca2+ exchanger (NCX1) (6). NCX1 is considered to be the predominant 
ĞǆƚƌƵƐŝŽŶŵĞĐŚĂŶŝƐŵ͕ĂĐĐŽƵŶƟŶŐĨŽƌΕϳϬйŽĨƚŚĞĞǆƚƌƵĚĞĚĂ2+ (7-9), thereby playing a 
key role in the process of renal transcellular Ca2+ƌĞĂďƐŽƌƉƟŽŶ͘
Three NCX isoforms exist: NCX1, NCX2 and NCX3, which are structurally highly similar 
(8,10). NCX consists of 10 transmembrane segments and a large regulatory cytosolic 
loop. The cytosolic loop contains two Ca2+ͲďŝŶĚŝŶŐĚŽŵĂŝŶƐ;ϭĂŶĚϮͿ͕ŽĨǁŚŝĐŚ
ƚŚĞϮƌĞŐŝŽŶŝƐƐƵďũĞĐƟǀĞƚŽĂůƚĞƌŶĂƟǀĞƐƉůŝĐŝŶŐ;ϭϬ͕ϭϭͿ͘ůƚĞƌŶĂƟǀĞƐƉůŝĐŝŶŐƌĞƐƵůƚƐ
ŝŶĂƚ ůĞĂƐƚϭϳĚŝīĞƌĞŶƚEyϭƉƌŽƚĞŝŶƐ͕ǁŝƚŚĂƟƐƐƵĞƐƉĞĐŝĮĐĚŝƐƚƌŝďƵƟŽŶ͘dŚĞĚŝīĞƌĞŶƚ
ƐƉůŝĐĞǀĂƌŝĂŶƚƐĂƌĞƉƌŽĚƵĐĞĚĨƌŽŵĂĐŽŵďŝŶĂƟŽŶŽĨƐŝǆƐŵĂůůĞǆŽŶƐ;͕͕͕͕͕ĂŶĚ&Ϳ͕
ǁŝƚŚĞǆŽŶƐĂŶĚďĞŝŶŐŵƵƚƵĂůůǇĞǆĐůƵƐŝǀĞ;ϭϭ͕ϭϮͿ͘ǆŽŶ ŝƐĞǆƉƌĞƐƐĞĚƉƌŝŵĂƌŝůǇ ŝŶ
ĞǆĐŝƚĂďůĞƟƐƐƵĞƐƐƵĐŚĂƐŚĞĂƌƚĂŶĚďƌĂŝŶ͕ǁŚŝůĞĞǆŽŶŝƐƉƌĞƐĞŶƚŝŶŶŽŶͲĞǆĐŝƚĂďůĞƟƐƐƵĞƐ
ŝŶĐůƵĚŝŶŐ ŬŝĚŶĞǇ ;ϭϯͿ͘ /Ŷ ŬŝĚŶĞǇ͕  ƚŚƌĞĞ ĚŝīĞƌĞŶƚ Eyϭ ǀĂƌŝĂŶƚƐ ŚĂǀĞ ďĞĞŶ ŝĚĞŶƟĮĞĚ͕
Eyϭ͘Ϯ ;ĞǆŽŶƐ Ϳ͕ Eyϭ͘ϯ ;ĞǆŽŶƐ Ϳ ĂŶĚ Eyϭ͘ϳ ;ĞǆŽŶƐ &Ϳ ;ϭϮ͕ϭϰ͕ϭϱͿ͘ ^ŝŶĐĞ
ƚŚĞĂůƚĞƌŶĂƟǀĞƐƉůŝĐŝŶŐƌĞŐŝŽŶŝƐ ůŽĐĂƚĞĚǁŝƚŚŝŶƚŚĞϮĚŽŵĂŝŶ͕EyϭǀĂƌŝĂŶƚƐŚĂǀĞ
ĚŝīĞƌĞŶƚƌĞƐƉŽŶƐĞƐƚŽƌĞŐƵůĂƚŽƌǇĂ2+͕ĚƵĞƚŽĚŝīĞƌĞŶĐĞƐŝŶƌĞƐƉŽŶƐĞŬŝŶĞƟĐƐ͕ĚǇŶĂŵŝĐ
ƌĂŶŐĞ͕ĂŶĚĂĸŶŝƚǇŽĨĂůůŽƐƚĞƌŝĐƐĞŶƐŽƌƐ;ϭϯ͕ϭϲͿ͘
EyϭǁĂƐĮƌƐƚĐůŽŶĞĚĨƌŽŵĐĂƌĚŝĂĐƟƐƐƵĞ;Eyϭ͘ϭ͕ĞǆŽŶƐ&Ϳ͕ǁŚĞƌĞŝƚƐĐƌƵĐŝĂůƌŽůĞ
ŝŶŵǇŽĐǇƚĞĐŽŶƚƌĂĐƟŽŶŚĂƐďĞĞŶĞǆƚĞŶƐŝǀĞůǇƐƚƵĚŝĞĚ;ϭϳ͕ϭϴͿ͘,ŽǁĞǀĞƌ͕ ƐƚƵĚŝĞƐŽŶƚŚĞ
ĨƵŶĐƟŽŶĂŶĚƌĞŐƵůĂƟŽŶŽĨƚŚĞŬŝĚŶĞǇƐƉĞĐŝĮĐǀĂƌŝĂŶƚƐĂƌĞŵŽƌĞůŝŵŝƚĞĚ͘
dŚĞ Ăŝŵ ŽĨ ƚŚĞ ƉƌĞƐĞŶƚ ƐƚƵĚǇǁĂƐ ƚŽ ŝŶǀĞƐƟŐĂƚĞǁŚŝĐŚ Eyϭ ǀĂƌŝĂŶƚƐ ĂƌĞ ĞǆƉƌĞƐƐĞĚ
in Ca2+ͲƚƌĂŶƐƉŽƌƟŶŐ ĞƉŝƚŚĞůŝĂ ŝŶ ŵŽƵƐĞ ŬŝĚŶĞǇ͕  ŵŽƌĞ ƐƉĞĐŝĮĐĂůůǇ dϮͬEd͕  ĂŶĚ ƚŽ
ĨƵŶĐƟŽŶĂůůǇĐŚĂƌĂĐƚĞƌŝǌĞƚŚĞƉƌĞĚŽŵŝŶĂŶƚǀĂƌŝĂŶƚEyϭ͘ϯ͘
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dŽŽďƚĂŝŶEyϭĐE͕ƚŽƚĂůŵŽƵƐĞŬŝĚŶĞǇŵZEǁĂƐĞǆƚƌĂĐƚĞĚƵƐŝŶŐdZ/ǌŽůΠ;/ŶǀŝƚƌŽŐĞŶ͕
ƌĞĚĂ͕dŚĞEĞƚŚĞƌůĂŶĚƐͿĂŶĚƉƌŽĐĞƐƐĞĚƵƐŝŶŐZYϭEĂƐĞĂŶĚDͲD>sZĞǀĞƌƐĞdƌĂŶƐĐƌŝƉƚĂƐĞ
;/ŶǀŝƚƌŽŐĞŶͿƵƐŝŶŐZEĂƐŝŶΠ;WƌŽŵĞŐĂ͕DĂĚŝƐŽŶ͕t/͕h^ͿĂƐĂZEĂƐĞŝŶŚŝďŝƚŽƌ͕ ĂĐĐŽƌĚŝŶŐ
ƚŽ ƚŚĞŵĂŶƵĨĂĐƚƵƌĞƌ Ɛ͛ ƉƌŽƚŽĐŽůƐ͘EĞǆƚ͕ Ă WZǁĂƐ ƉĞƌĨŽƌŵĞĚŽŶ ƚŚĞ ŬŝĚŶĞǇ ĐE ƚŽ
ŽďƚĂŝŶƚŚĞĨƵůůůĞŶŐƚŚEyϭĐŽĚŝŶŐƐĞƋƵĞŶĐĞ͕ďǇƵƐŝŶŐƉƌŝŵĞƌƐĂŶŶĞĂůŝŶŐƚŽƚŚĞĞŶĚƐŽĨ
ƚŚĞŽƉĞŶƌĞĂĚŝŶŐĨƌĂŵĞ;dĂďůĞϭ͕ďĂƐĞĚŽŶE/ZĞĨĞƌĞŶĐĞ^ĞƋƵĞŶĐĞEDͺϬϭϭϰϬϲ͘ϮͿ͘
^ĞƋƵĞŶĐĞƐǁĞƌĞ ĂĚĚĞĚ ĨŽƌ ƌĞƐƚƌŝĐƟŽŶĚŝŐĞƐƚƐ ƵƐŝŶŐDůƵ/ and ƐĐ/ ƌĞƐƚƌŝĐƟŽŶĞŶǌǇŵĞ
ƌĞĐŽŐŶŝƟŽŶƐŝƚĞƐ͕ƌĞƐƉĞĐƟǀĞůǇ͗&ŽƌǁĂƌĚ͕ĐŐĂΔĐŐĐŐƚd'dd'dd'dd͕ZĞǀĞƌƐĞ͗
ƩŐŐΔĐŐĐŐĐĐdd''dddd'd''͘ WZ ǁĂƐ ƉĞƌĨŽƌŵĞĚ ƵƐŝŶŐ WŚƵƐŝŽŶΠ ,ŝŐŚͲ
ĮĚĞůŝƚǇ E ƉŽůǇŵĞƌĂƐĞ ;/ŶǀŝƚƌŽŐĞŶ͕ ƌĞĚĂ͕ dŚĞ EĞƚŚĞƌůĂŶĚƐͿ͘ WZ ƉƌŽĚƵĐƚƐ ǁĞƌĞ
isolated from agarose gel, DůƵ/ and ƐĐ/ ĚŝŐĞƐƚĞĚ ĂŶĚ ůŝŐĂƚĞĚ ŝŶƚŽ ƚŚĞ Ɖ/EĞŽͲ/Z^Ͳ
'&W ǀĞĐƚŽƌ͘  ^ƵďƐĞƋƵĞŶƚůǇ͕  Ɖ/EĞŽͲŵEyϭ͘ϮͲ/Z^Ͳ'&W͕  Ɖ/EĞŽͲŵEyϭ͘ϯͲ/Z^Ͳ'&W ĂŶĚ
Ɖ/EĞŽͲŵEyϭ͘ϳͲ/Z^Ͳ'&W ƉůĂƐŵŝĚ EƐ ǁĞƌĞ ƌĞĐŽǀĞƌĞĚ ĨƌŽŵ ƚƌĂŶƐĨŽƌŵĞĚ E.coli 
ĐůŽŶĞƐ ĂŶĚ ŝĚĞŶƟĮĞĚ ďǇ ƐĞƋƵĞŶĐĞ ĂŶĂůǇƐŝƐ͘ ůů ŽďƚĂŝŶĞĚ ĐŽŶƐƚƌƵĐƚƐ ǁĞƌĞ ǀĞƌŝĮĞĚ ďǇ
ƐĞƋƵĞŶĐŝŶŐŽĨƚŚĞEyϭŽƉĞŶƌĞĂĚŝŶŐĨƌĂŵĞĂŶĚĂƉƉůŝĞĚƌĞƐƚƌŝĐƟŽŶƐŝƚĞƐ͘
PCR/gel electrophoresis
WZǁĂƐƉĞƌĨŽƌŵĞĚƵƐŝŶŐdĂƋƉŽůǇŵĞƌĂƐĞ;ϭђůͿŝŶϭϬŵDdƌŝƐͲ,ů͕ϱϬŵD<ů͕Ϭ͘Ϭϭй;ǀͬǀͿ
ŐĞůĂƟŶ͕Ϯ͘ϱŵDDŐů2͕ϭŵDĚEdWƐĂŶĚϬ͘ϮђDŽĨĞĂĐŚƉƌŝŵĞƌ;dĂďůĞϭͿ͘dϮͬEdĐE
ǁĂƐŝƐŽůĂƚĞĚďǇŇƵŽƌĞƐĐĞŶƚƐŽƌƟŶŐ;ϭϵͿ͘WZƉƌŽĚƵĐƚƐǁĞƌĞƌƵŶŽŶĂϮй;ǁͬǀͿĂŐĂƌŽƐĞŐĞů͘
ZĞĂůͲƟŵĞWZ
ĐEŽĨdϮͬEdǁĂƐƉƌĞƉĂƌĞĚ ĂƐ ĚĞƐĐƌŝďĞĚ ĂďŽǀĞ͘ ZĞĂůͲƟŵĞWZǁĂƐƉĞƌĨŽƌŵĞĚ
ƵƐŝŶŐŝY^ zZ'ƌĞĞŶ^ ƵƉĞƌŵŝǆ;ŝŽͲƌĂĚ͕sĞĞŶĞŶĚĂĂů͕dŚĞEĞƚŚĞƌůĂŶĚƐͿ͘ǆƉƌĞƐƐŝŽŶůĞǀĞůƐ
ŝŶdϮͬEdŇƵŽƌĞƐĐĞŶƚƚƵďƵůĞƐǁĞƌĞĐŽŵƉĂƌĞĚƚŽĞǆƉƌĞƐƐŝŽŶŝŶƚŽƚĂůĐŽƌƚĞǆŵĂƚĞƌŝĂů͕
'ĂƉĚŚǁĂƐƵƐĞĚĂƐĂŚŽƵƐĞŬĞĞƉŝŶŐŐĞŶĞ͘WƌŝŵĞƌƐĞƋƵĞŶĐĞƐĂƌĞƉƌĞƐĞŶƚĞĚŝŶdĂďůĞϭ͘
ĞůůĐƵůƚƵƌĞĂŶĚƚƌĂŶƐĨĞĐƟŽŶ
,<Ϯϵϯ;dͿĐĞůůƐǁĞƌĞŐƌŽǁŶŝŶƵůďĞĐĐŽ Ɛ͛ŵŽĚŝĮĞĚĂŐůĞ Ɛ͛ŵĞĚŝƵŵ;DD͕ŝŽtŚŝƩĂŬĞƌ
ƵƌŽƉĞ͕sĞƌǀŝĞƌ͕ ĞůŐŝƵŵͿĐŽŶƚĂŝŶŝŶŐϭϬй;ǀͬǀͿĨĞƚĂůĐĂůĨƐĞƌƵŵ;W͕>ŝŶǌ͕ƵƐƚƌŝĂͿ͕ϮŵD
>ͲŐůƵƚĂŵŝŶĞ͕ϭϬʅůͬŵůŶŽŶͲĞƐƐĞŶƟĂů ĂŵŝŶŽĂĐŝĚƐĂƚϯϳΣĂŶĚϱй ;ǀͬǀͿK2. Cells were 
transiently transfected using LipofectamineΠϮϬϬϬ;/ŶǀŝƚƌŽŐĞŶ͕ϮʅůͬʅŐEͿ͘ĞůůƐǁĞƌĞ
ƚƌĂŶƐĨĞĐƚĞĚĞŝƚŚĞƌǁŝƚŚƉ/EĞŽͲ/Z^Ͳ'&W;DŽĐŬͿŽƌƉ/EĞŽͲEyϭ͘ϯͲ/Z^Ͳ'&W͘
Intracellular Ca2+ measurements using Fura-2
ŌĞƌ Ϯϰ ŚŽƵƌ ƚƌĂŶƐĨĞĐƟŽŶ͕ ,<Ϯϵϯ ĐĞůůƐ ǁĞƌĞ ƌĞͲƐĞĞĚĞĚ ŽŶƚŽ ĮďƌŽŶĞĐƟŶͲĐŽĂƚĞĚ
ĐŽǀĞƌƐůŝƉƐ;TϮϱŵŵͿ͘dǁĞŶƚǇͲĨŽƵƌŚŽƵƌƐůĂƚĞƌ͕ ĐĞůůƐǁĞƌĞůŽĂĚĞĚǁŝƚŚϯʅD&ƵƌĂͲϮD
;DŽůĞĐƵůĂƌWƌŽďĞƐ͕ƵŐĞŶĞ͕KZ͕h^ͿĂŶĚϬ͘Ϭϭй;ǀͬǀͿWůƵƌŽŶŝĐ&ͲϭϮϵ;DŽůĞĐƵůĂƌWƌŽďĞƐ͕
ƵŐĞŶĞͿŝŶ<Z^ďƵīĞƌ;ŝŶŵD͗ϱ͘ϱ<ů͕ϭϰϳEĂů͕ϭ͘ϮDŐů2, 1.5 CaCl2, 10 D-glucose, 10 
HEPES-NaOH, pH 7.4) at 37°ĨŽƌϮϬŵŝŶ͘dŚĞŶĐĞůůƐǁĞƌĞǁĂƐŚĞĚǁŝƚŚ<Z^͕ĂůůŽǁĞĚ
ƚŽĞƋƵŝůŝďƌĂƚĞĨŽƌϭϬŵŝŶĂŶĚƉůĂĐĞĚŽŶĂϯϳ°ƐƚĂŐĞŽĨĂŶŝŶǀĞƌƚĞĚŵŝĐƌŽƐĐŽƉĞ;ǆŝŽǀĞƌƚ
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ϮϬϬD͕ĞŝƐƐ͕:ĞŶĂ͕'ĞƌŵĂŶǇͿ͕ĐŽŶƟŶƵŽƵƐůǇďĞŝŶŐƉĞƌĨƵƐĞĚǁŝƚŚϯϳΣ<Z^ďƵīĞƌ͘ ϲϬ
ƐĂŌĞƌƐƚĂƌƚŽĨƚŚĞŵĞĂƐƵƌĞŵĞŶƚƐ͕ƉĞƌĨƵƐŝŽŶďƵīĞƌǁĂƐĐŚĂŶŐĞĚƚŽ<Z^ĐŽŶƚĂŝŶŝŶŐϭ
ʅDƚŚĂƉƐŝŐĂƌŐŝŶ;^ŝŐŵĂ͕^ƚ>ŽƵŝƐ͕DK͕h^Ϳ͘ƚϮϮϬƐďƵīĞƌǁĂƐĐŚĂŶŐĞĚƚŽ<Z^ǁŝƚŚ
EĂůƌĞƉůĂĐĞĚďǇϭϰϳŵDEͲŵĞƚŚǇůͲͲŐůƵĐĂŵŝŶĞ;ED'ͿŝŶƉƌĞƐĞŶĐĞŽĨƚŚĂƉƐŝŐĂƌŐŝŶ͘
Details of monitoring [Ca2+΁i ƵƐŝŶŐ &ƵƌĂͲϮ ĂŶĚ ƋƵĂŶƟƚĂƟǀĞ ŝŵĂŐĞ ĂŶĂůǇƐŝƐ ŚĂǀĞ ďĞĞŶ
ĚĞƐĐƌŝďĞĚƉƌĞǀŝŽƵƐůǇ;ϮϬͿ͘/ŶƐŚŽƌƚ͕ƚŚĞ&ƵƌĂͲϮƉƌŽďĞŝƐĞǆĐŝƚĞĚĂƚϯϰϬĂŶĚϯϴϬŶŵ͕ǁŝƚŚ
ĂƐĂŵƉůŝŶŐŝŶƚĞƌǀĂůŽĨϯƐ͘ŌĞƌďĂĐŬŐƌŽƵŶĚĐŽƌƌĞĐƟŽŶ͕ƚŚĞŇƵŽƌĞƐĐĞŶĐĞĞŵŝƐƐŝŽŶƌĂƟŽ
ŽĨϯϰϬĂŶĚϯϴϬŶŵĞǆĐŝƚĂƟŽŶǁĂƐĐĂůĐƵůĂƚĞĚ͘
Table 1 | KůŝŐŽŶƵĐůĞŽƟĚĞƐĞƋƵĞŶĐĞƐĂƉƉůŝĞĚŝŶ;ƌĞĂůͲƟŵĞͿWZ
Gene ƉƉůŝĐĂƟŽŶ &ŽƌǁĂƌĚƉƌŝŵĞƌ;ϱ͛Ͳϯ͛Ϳ ZĞǀĞƌƐĞƉƌŝŵĞƌ;ϱ͛Ͳϯ͛Ϳ
Slc8a1 Cloning d'dd'dd'dd dd''dddd'd''
Slc8a1 PCR analysis splice site ''dd''dd'' 'd''d'dd'ddd
Slc8a1 ZĞĂůͲƟŵĞWZ ddd'd'dd''' 'd''d'dd'ddd
Gapdh ZĞĂůͲƟŵĞWZ ddd''''d''' ''ddd
dZWsϱ ZĞĂůͲƟŵĞWZ d'''dd'd''dddd ddd''d'
Parv ZĞĂůͲƟŵĞWZ 'd'''d''' 'ddd'''d'
Slc12a1 ZĞĂůͲƟŵĞWZ ''dd'dddd'dddd' ddd'd'dd
Slc8a1, murine Na+/Ca2+ ĞǆĐŚĂŶŐĞƌϭŐĞŶĞ;EyϭͿ͖'ĂƉĚŚ͕ŵƵƌŝŶĞŐůǇĐĞƌĂůĚĞŚǇĚĞͲϯͲƉŚŽƐƉŚĂƚĞ
ĚĞŚǇĚƌŽŐĞŶĂƐĞŐĞŶĞ͖dZWsϱ͕ŵƵƌŝŶĞĞƉŝƚŚĞůŝĂůĂ2+ĐŚĂŶŶĞůdƌĂŶƐŝĞŶƚZĞĐĞƉƚŽƌWŽƚĞŶƟĂůsĂŶŝůůŽŝĚϱ͖
WĂƌǀ͕ ŵƵƌŝŶĞƉĂƌǀĂůďƵŵŝŶ͖^ůĐϭϮĂϭ͕ŵƵƌŝŶĞEĂ+-K+-2Cl--cotransporter (NKCC2).
45Ca2+ uptake assays 
HEK293T cells were re-seeded into poly-L-lysine (Sigma) coated 24-well plates. Na+-dependent 
uptake of 45Ca2+ǁĂƐŵĞĂƐƵƌĞĚŐĞŶĞƌĂůůǇƵƐŝŶŐƚŚĞĂƐƐĂǇĂƐĚĞƐĐƌŝďĞĚďǇ/ǁĂŵŽƚŽĞƚĂů͘;ϮϭͿ͘
ĞůůƐǁĞƌĞƉƌĞͲŝŶĐƵďĂƚĞĚĨŽƌϯϬŵŝŶǁŝƚŚƉŚǇƐŝŽůŽŐŝĐĂůďƵīĞƌ;ŝŶŵD͗ϰ<ů͕ϭϰϳEĂů͕ϮDŐů2, 
1.0 CaCl2͕ϭϬͲŐůƵĐŽƐĞ͕Ϭ͘ϭй;ǁͬǀͿ^͕ϭϬ,W^͕ϭϬdƌŝƐͲ,ů͕Ɖ,ϳ͘ϰͿĐŽŶƚĂŝŶŝŶŐϭŵDŽƵĂďĂŝŶ
;DWŝŽŵĞĚŝĐĂůƐ͕^ĂŶƚĂŶĂ͕͕h^Ϳ͕ϰϴŚĂŌĞƌƚƌĂŶƐĨĞĐƟŽŶ͘&ŝŶĂůůǇ͕ ĐĞůůƐǁĞƌĞŝŶĐƵďĂƚĞĚŝŶ
ŝĚĞŶƟĐĂůďƵīĞƌ;ϯϳΣͿǁŝƚŚEĂůƌĞƉůĂĐĞĚďǇϭϰϳŵDED'ĐŽŶƚĂŝŶŝŶŐƚƌĂĐĞĂŵŽƵŶƚƐŽĨ
45Ca2+ (0.8 ʅŝͬŵůͿĨŽƌϯϬƐ͘dŚĞŶ͕ĐĞůůƐǁĞƌĞǁĂƐŚĞĚϯƟŵĞƐǁŝƚŚŝĐĞͲĐŽůĚƐƚŽƉďƵīĞƌ;ŝŶŵD͗
ϭϮϬED'͕ϭϬ>Ăů3͕ϭϬ,W^͕ϭϬdƌŝƐͲ,ů͕Ɖ,ϳ͘ϰͿ͕ƐƵďƐĞƋƵĞŶƚůǇĐĞůůƐǁĞƌĞůǇƐĞĚǁŝƚŚϬ͘Ϭϱй
;ǁͬǀͿ^ ^͘ZĂĚŝŽĂĐƟǀŝƚǇǁĂƐŵĞĂƐƵƌĞĚĂŶĚƵƉƚĂŬĞŽĨ45Ca2+ was calculated. During the 30 min 
ƉƌĞͲŝŶĐƵďĂƟŽŶ͕ĐĞůůƐǁĞƌĞƚƌĞĂƚĞĚŝŶƉŚǇƐŝŽůŽŐŝĐĂůďƵīĞƌĐŽŶƚĂŝŶŝŶŐEĂůĂŶĚŽƵĂďĂŝŶǁŝƚŚ͗
50 ʅD^EͲϲ;ŝŶD^K͕^ĂŶƚĂƌƵǌŝŽƚĞĐŚŶŽůŽŐǇ/ŶĐ͕͘,ĞŝĚĞůďĞƌŐ͕'ĞƌŵĂŶǇͿ͕ϭϬϬŶDdW;ŝŶ
DMSO, Sigma), 10 ʅM forskolin (in EtOH, Sigma), 25 ʅDĂƉƚĂͲD;ŝŶD^K͕/ŶǀŝƚƌŽŐĞŶͿŽƌ
25 ʅD'dͲD;ŝŶD^K͕/ŶǀŝƚƌŽŐĞŶͿ͘
/ŵŵƵŶŽďůŽƫŶŐ
NCX1 protein expression was analyzed using transiently transfected HEK293T cell lysates 
;ŝŶ ϭϱϬŵDEĂů͕ ϱŵDd͕ ϱϬŵDdƌŝƐ͕ Ɖ, ϳ͘ϱ ƵƐŝŶŐ,ů͕ ϭй ;ǀͬǀͿ Triton X-100 
ĂŶĚƉƌŽƚĞĂƐĞ ŝŶŚŝďŝƚŽƌƐͿ͕ ŝŵŵƵŶŽďůŽƩĞĚŽǀĞƌŶŝŐŚƚĂƚϰΣ͕ƵƐŝŶŐϭ͗ϱϬϬĚŝůƵƚĞĚŵŽƵƐĞ
ĂŶƟͲEyϭĂŶƟďŽĚǇ ;ďĐĂŵ͕ĂŵďƌŝĚŐĞ͕h<͕ĂďϲϰϵϱͿĂŶĚǁŝƚŚŵŽƵƐĞĂŶƟͲďĞƚĂͲĂĐƟŶ
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Chapter 6
ϭ͗ϭϬ͕ϬϬϬ;^ŝŐŵĂͿĂƐĂůŽĂĚŝŶŐĐŽŶƚƌŽů͘^ĞĐŽŶĚĂƌǇĂŶƟͲŵŽƵƐĞĂŶƟďŽĚǇĐŽŶũƵŐĂƚĞĚǁŝƚŚ
,ZWǁĂƐƵƐĞĚĂŶĚǀŝƐƵĂůŝǌĞĚƵƐŝŶŐĨĞŵƚŽ>;dŚĞƌŵŽƐĐŝĞŶƟĮĐ͕tĂůƚŚĂŵ͕D͕h^Ϳ͘
^ƚĂƟƐƟĐĂůŶĂůǇƐŝƐ
ZĞƐƵůƚƐĂƌĞĞǆƉƌĞƐƐĞĚĂƐŵĞĂŶц^ ͘͘D͘^ ŝŐŶŝĮĐĂŶĐĞŽĨƚŚĞƌĞƐƵůƚƐǁĂƐĚĞƚĞƌŵŝŶĞĚďǇŽŶĞͲ
ǁĂǇEKsƵƐŝŶŐƚŚĞŵĞĂƐƵƌĞŵĞŶƚƐƉĞƌĐĞůůͬƐĂŵƉůĞ;ŶшϲͿŽĨĂƚůĞĂƐƚƚŚƌĞĞŝŶĚĞƉĞŶĚĞŶƚ
ĞǆƉĞƌŝŵĞŶƚƐ͕ĨŽůůŽǁĞĚďǇŽŶĨĞƌƌŽŶŝƉŽƐƚͲƚĞƐƚŝŶĐĂƐĞŽĨƐŝŐŶŝĮĐĂŶĐĞ͘WͲǀĂůƵĞƐфϬ͘ϬϱǁĞƌĞ
ĐŽŶƐŝĚĞƌĞĚƐŝŐŶŝĮĐĂŶƚ͘ůůĚĂƚĂǁĞƌĞĂŶĂůǇǌĞĚƵƐŝŶŐ'ƌĂƉŚWĂĚWƌŝƐŵ͘
Results
ůŽŶŝŶŐŽĨEyϭ͘Ϯ͕Eyϭ͘ϯĂŶĚEyϭ͘ϳĨƌŽŵŵŽƵƐĞŬŝĚŶĞǇ
/ŶƚŚĞŬŝĚŶĞǇƚŚƌĞĞĚŝīĞƌĞŶƚƐƉůŝĐĞǀĂƌŝĂŶƚƐǁĞƌĞƌĞƉŽƌƚĞĚƚŽďĞĞǆƉƌĞƐƐĞĚ͗Eyϭ͘Ϯ;ĞǆŽŶƐ
Ϳ͕Eyϭ͘ϳ;ĞǆŽŶƐ&ͿĂŶĚEyϭ͘ϯ;ĞǆŽŶƐͿ;ϭϰ͕ϭϱ͕ϮϮͿ͘ŶŽǀĞƌǀŝĞǁŽĨƚŚĞƌĞŶĂů
ƐƉůŝĐĞǀĂƌŝĂŶƚƐŝƐƉƌĞƐĞŶƚĞĚŝŶ&ŝŐƵƌĞϭĂ͘ůůƚŚƌĞĞƌĞƉŽƌƚĞĚƌĞŶĂůǀĂƌŝĂŶƚƐǁĞƌĞŽďƚĂŝŶĞĚ
ĂŌĞƌ ĐůŽŶŝŶŐ Eyϭ ĨƌŽŵ ŵŽƵƐĞ ŬŝĚŶĞǇ͕  ŶĂŵĞůǇ Eyϭ͘Ϯ͕ Eyϭ͘ϯ ĂŶĚ Eyϭ͘ϳ͘ dŚĞ
ĚŝīĞƌĞŶƚǀĂƌŝĂŶƚƐǁĞƌĞŝĚĞŶƟĮĞĚďǇĐŽŵƉůĞƚĞƐĞƋƵĞŶĐŝŶŐ;ĚĂƚĂŶŽƚƐŚŽǁŶͿ͘^ĞƋƵĞŶĐĞƐ
ǁĞƌĞ ŝĚĞŶƟĐĂů ƚŽ 'ĞŶĂŶŬ ĂĐĐĞƐƐŝŽŶ ŶƵŵďĞƌƐ yDͺϬϬϲϱϮϯϵϰϮ͕ yDͺϬϬϲϱϮϯϵϰϰ͕
yDͺϬϬϲϱϮϯϵϰϬ͕ ƌĞƐƉĞĐƟǀĞůǇ͘  Ǉ ĐŽŵƉĂƌŝŶŐ WZ ƉƌŽĚƵĐƚƐ ƵƐŝŶŐ ƉƌŝŵĞƌƐ ŇĂŶŬŝŶŐ ƚŚĞ
ĂůƚĞƌŶĂƟǀĞƐƉůŝĐĞƌĞŐŝŽŶ͕Eyϭ͘ϯǁĂƐƚŚĞƉƌĞĚŽŵŝŶĂŶƚEyϭǀĂƌŝĂŶƚŝŶƚŚĞŬŝĚŶĞǇdϮͬ
EdƐĞŐŵĞŶƚƐ;&ŝŐƵƌĞϭďͿ͕ǁŚŝůĞŽƚŚĞƌǀĂƌŝĂŶƚƐǁĞƌĞĚĞƚĞĐƚĞĚĂƐǁĞůů͘dŚĞŝĚĞŶƟƚǇŽĨƚŚĞ
Eyϭ͘ϯďĂŶĚǁĂƐĨƵƌƚŚĞƌĐŽŶĮƌŵĞĚďǇĂ^ ƐƉ/ƌĞƐƚƌŝĐƟŽŶĚŝŐĞƐƚ͕ƐƉĞĐŝĮĐĂůůǇĚŝŐĞƐƟŶŐĞǆŽŶ
;ĚĂƚĂŶŽƚƐŚŽǁŶͿ͘dŽĐŽŶĮƌŵƚŚĞŝĚĞŶƟƚǇŽĨŽƵƌdϮͬEdŵĂƚĞƌŝĂů͕ƚŚĞƌĞůĂƟǀĞĂŵŽƵŶƚ
ŽĨEyϭ͕dZWsϱ͕EĂ+-K+-2Cl--cotransporter (NKCC2) and parvalbumin as compared to total 
ŬŝĚŶĞǇĐŽƌƚĞǆǁĂƐĚĞƚĞƌŵŝŶĞĚƵƐŝŶŐƌĞĂůͲƟŵĞWZ͘ŽƚŚEyϭĂŶĚdZWsϱǁĞƌĞŚŝŐŚůǇ
enriched in the DCT2/CNT material, whereas NKCC2 and parvalbumin, expressed in the 
ƚŚŝĐŬĂƐĐĞŶĚŝŶŐůŝŵďĂŶĚdϭƐĞŐŵĞŶƚƐƌĞƐƉĞĐƟǀĞůǇ͕ ǁĞƌĞŶŽƚ;&ŝŐƵƌĞϭĐͿ͘
Eyϭ͘ϯĐůŽŶĞĚĨƌŽŵŵŽƵƐĞŬŝĚŶĞǇŝƐĨƵŶĐƟŽŶĂůŝŶ,<ϮϵϯĐĞůůƐ
dŽ ƐƚƵĚǇ ƚŚĞ ĨƵŶĐƟŽŶ ŽĨ Eyϭ͘ϯ ĐůŽŶĞĚ ĨƌŽŵ ŵŽƵƐĞ ŬŝĚŶĞǇ͕  ,<Ϯϵϯ ĐĞůůƐ ǁĞƌĞ
ƚƌĂŶƐŝĞŶƚůǇƚƌĂŶƐĨĞĐƚĞĚǁŝƚŚƚŚĞƉ/EĞŽͲŵEyϭ͘ϯͲ/Z^Ͳ'&WĐŽŶƐƚƌƵĐƚ͘ĞƉĞŶĚŝŶŐŽŶƚŚĞ
electrochemical gradient, NCX can either extrude Ca2+ from the cell (forward-mode) or 
take up extracellular Ca2+ (reverse-mode). The intracellular Ca2+-sensor Fura-2 was used to 
ĚĞŵŽŶƐƚƌĂƚĞƌĞǀĞƌƐĞͲŵŽĚĞEyϭ͘ϯĂĐƟǀŝƚǇ͘&ŝƌƐƚ͕Ă2+ was released from the intracellular 
ƐƚŽƌĞƐ ďǇ ƉĞƌĨƵƐŝŶŐ ƚŚĞ ĐĞůůƐ ǁŝƚŚ <Z^ ďƵīĞƌ ĐŽŶƚĂŝŶŝŶŐ ƚŚĞ ƐĂƌĐŽͬĞŶĚŽƉůĂƐŵĂƟĐ
ƌĞƟĐƵůƵŵĂ2+ͲdWĂƐĞ;^ZͿŝŶŚŝďŝƚŽƌƚŚĂƉƐŝŐĂƌŐŝŶ;ϭʅDͿ͘ƐĂƌĞƐƵůƚ͕ƵŶƚƌĂŶƐĨĞĐƚĞĚ
cells showed a clear rise in intracellular Ca2+ĐŽŶĐĞŶƚƌĂƟŽŶ͕ǁŚĞƌĞĂƐEyϭ͘ϯĞǆƉƌĞƐƐŝŶŐ
ĐĞůůƐĚŝĚŶŽƚĚĞŵŽŶƐƚƌĂƚĞƚŚŝƐƌĞƐƉŽŶƐĞ;&ŝŐƵƌĞϮĂ͕ďͿ͘/ŶŽƌĚĞƌƚŽƐƚƵĚǇEyϭĂĐƟǀŝƚǇ͕ Ăƚ
ϮϮϬƐ͕ƚŚĞƌĞǀĞƌƐĞͲŵŽĚĞĨƵŶĐƟŽŶǁĂƐŝŶĚƵĐĞĚďǇƐǁŝƚĐŚŝŶŐƚŚĞƉĞƌĨƵƐŝŽŶďƵīĞƌƚŽEĂ+-
depleted medium, in which Na+ǁĂƐƌĞƉůĂĐĞĚďǇED'͘/ŶEyϭ͘ϯŽǀĞƌĞǆƉƌĞƐƐŝŶŐĐĞůůƐ
a clear rise in [Ca2+΁iǁĂƐŽďƐĞƌǀĞĚǁŚŝůĞŶŽĞīĞĐƚǁĂƐŽďƐĞƌǀĞĚŝŶƵŶƚƌĂŶƐĨĞĐƚĞĚĐĞůůƐ͕
ĚĞŵŽŶƐƚƌĂƟŶŐƌĞǀĞƌƐĞͲŵŽĚĞĨƵŶĐƟŽŶŝŶŐŽĨEyϭ͘ϯ;&ŝŐƵƌĞϮĂĂŶĚďͿ͘
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ZĞŐƵůĂƟŽŶŽĨEyϭ͘ϯďǇW<ͬW<ƉŚŽƐƉŚŽƌǇůĂƟŽŶĂŶĚŝŶƚƌĂĐĞůůƵůĂƌĂ2+
Since the process of transcellular Ca2+ transport in the kidney is highly regulated 
ďǇ ŵĂŶǇ ŚŽƌŵŽŶĞƐ ĂŶĚ ĨĂĐƚŽƌƐ ;Ϯϯ͕ϮϰͿ͕ ƌĞŐƵůĂƟŽŶ ŽĨ Eyϭ͘ϯ ĂĐƟǀŝƚǇ ǁĂƐ ĨƵƌƚŚĞƌ
ŝŶǀĞƐƟŐĂƚĞĚ͘Eyϭ͘ϯĂĐƟǀŝƚǇǁĂƐƐƚƵĚŝĞĚƵƐŝŶŐƌĂĚŝŽĂĐƟǀĞ45Ca2+ uptake during reverse-
ŵŽĚĞĨƵŶĐƟŽŶŝŶĚƵĐĞĚďǇƐǁŝƚĐŚŝŶŐƚŽEĂ+-depleted medium for 30 s. Firstly, general 
ĐŚĂƌĂĐƚĞƌŝƐƟĐƐŽĨƚŚĞŵƵƌŝŶĞEyϭ͘ϯǀĂƌŝĂŶƚǁĞƌĞƐƚƵĚŝĞĚ͘dŚĞEyϭŝŶŚŝďŝƚŽƌĨŽƌƚŚĞ
ƌĞǀĞƌƐĞͲŵŽĚĞĨƵŶĐƟŽŶ^EͲϲ;ϱϬʅDͿ;Ϯϱ͕ϮϲͿŝŶŚŝďŝƚĞĚEyϭ͘ϯĨƵŶĐƟŽŶďǇϯϮцϴйǁŚĞŶ
ĐĞůůƐǁĞƌĞ ƉƌĞͲƚƌĞĂƚĞĚ ĨŽƌ ϯϬŵŝŶ͘ WƌĞͲƚƌĞĂƚŵĞŶƚǁŝƚŚ dW ;ϭϬϬ ŶDͿ Žƌ ĨŽƌƐŬŽůŝŶ ;ϭϬ
ʅDͿ͕ƚŽŝŶĚƵĐĞĂĐƟǀĂƟŽŶŽĨW<ŽƌĐDWͬW<ͲŵĞĚŝĂƚĞĚƉĂƚŚǁĂǇƐ͕ƌĞƐƉĞĐƟǀĞůǇ͕ ĚŝĚŶŽƚ
ĂīĞĐƚEyϭ͘ϯĂĐƟǀŝƚǇ;&ŝŐƵƌĞϯĂͿ͘^ŝŶĐĞEyϭŝƐŬŶŽǁŶƚŽďĞƌĞŐƵůĂƚĞĚďǇŝŶƚƌĂĐĞůůƵůĂƌ
Ca2+ levels through its two Ca2+ͲďŝŶĚŝŶŐĚŽŵĂŝŶƐ;Ϯϳ͕ϮϴͿ͕ǁĞŝŶǀĞƐƟŐĂƚĞĚƚŚĞĞīĞĐƚŽĨ
lowering intracellular Ca2+ ƵƐŝŶŐ ĂƉƚĂͲD ;Ϯϱ ʅDͿ Žƌ 'dͲD ;Ϯϱ ʅM) (10,29,30). 
&ŝŐƵƌĞϭͮůŽŶŝŶŐŽĨEyϭ͘Ϯ͕Eyϭ͘ϯĂŶĚEyϭ͘ϳ ĨƌŽŵŵŽƵƐĞŬŝĚŶĞǇĐE͘ (AͿdŚĞĂůƚĞƌŶĂƟǀĞƐƉůŝĐĞ
ƌĞŐŝŽŶŽĨEyϭĐŽŶƐŝƐƚƐŽĨƚŚĞŵƵƚƵĂůůǇĞǆĐůƵƐŝǀĞĞǆŽŶƐͬ;ĞǆƉƌĞƐƐĞĚŝŶĞǆĐŝƚĂďůĞͬŶŽŶͲĞǆĐŝƚĂďůĞƟƐƐƵĞƐ
ƌĞƐƉĞĐƟǀĞůǇͿ͕ĂŶĚƚŚĞĐĂƐƐĞƩĞĞǆŽŶƐ͕͕ĂŶĚ&͘ ;BͿ;Eyϭ͘ϯ;ĞǆŽŶƐ͕WZƉƌŽĚƵĐƚŽĨϯϬϰďƉͿ͕Eyϭ͘ϳ
;ĞǆŽŶƐ&͕ ϯϳϯďƉƉƌŽĚƵĐƚͿĂŶĚEyϭ͘Ϯ;ĞǆŽŶƐ͕ϯϮϲďƉƉƌŽĚƵĐƚͿǁĞƌĞĐůŽŶĞĚĨƌŽŵŵŽƵƐĞŬŝĚŶĞǇĐE͕
of which NCX1.3 seems to be the predominant form in both total kidney as well as DCT2/CNT material. (C) 
ZĞĂůͲƟŵĞWZĂŶĂůǇƐŝƐŽĨEyϭ͕dZWsϱ͕ƉĂƌǀĂůďƵŵŝŶ;ƉĂƌǀͿĂŶĚEĂнͲ<нͲϮůͲͲĐŽƚƌĂŶƐƉŽƌƚĞƌ;E<ϮͿŝŶdϮͬ
EdŝƐŽůĂƚĞĚŵZE͘ZĞƐƵůƚƐĂƌĞŶŽƌŵĂůŝǌĞĚƚŽ'ĂƉĚŚŚŽƵƐĞŬĞĞƉŝŶŐŐĞŶĞĂŶĚƉƌĞƐĞŶƚĞĚƌĞůĂƟǀĞƚŽƚŽƚĂů
kidney cortex. Results are given as mean ± SE (n=4)
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Chapter 6
ƉƉůŝĐĂƟŽŶŽĨĞŝƚŚĞƌďƵīĞƌƐŝŐŶŝĮĐĂŶƚůǇĚĞĐƌĞĂƐĞĚEyϭ͘ϯĂĐƟǀŝƚǇǁŝƚŚϱϰцϴй͖ŽƌϮϱ
цϵй͕ƌĞƐƉĞĐƟǀĞůǇ;&ŝŐƵƌĞϯĐͿ͘Eyϭ͘ϯƉƌŽƚĞŝŶůĞǀĞůƐǁĞƌĞŶŽƚĂīĞĐƚĞĚďǇƚƌĞĂƚŵĞŶƚƐŽĨ
ƚŚĞĚŝīĞƌĞŶƚĐŽŵƉŽƵŶĚƐ͕ĂƐƐŚŽǁŶďǇ ŝŵŵƵŶŽďůŽƫŶŐŽĨ ůǇƐĂƚĞƐ ĨƌŽŵ,<ϮϵϯdĐĞůůƐ
cultured in parallel to the cells used for 45Ca2+ uptake studies (Figure 3b and d).
Discussion
/ŶƚŚŝƐƐƚƵĚǇ͕ Eyϭ͘Ϯ͕Eyϭ͘ϯĂŶĚEyϭ͘ϳǁĞƌĞĐůŽŶĞĚĨƌŽŵŵŽƵƐĞŬŝĚŶĞǇĐE͘Eyϭ͘ϯ
ǁĂƐĐŽŶĮƌŵĞĚĂƐƚŚĞƉƌĞĚŽŵŝŶĂŶƚEyϭǀĂƌŝĂŶƚŝŶŵƵƌŝŶĞŬŝĚŶĞǇĂŶĚŵŽƌĞƐƉĞĐŝĮĐĂůůǇ
ŝŶ dϮͬEd ŶĞƉŚƌŽŶ ƐĞŐŵĞŶƚƐ͘ /ŶƚĞƌĞƐƟŶŐůǇ͕  ƐƟŵƵůĂƟŽŶ ŽĨ ƚŚĞ W< Žƌ ĐDWͬW<Ͳ
mediated pathway did not result in altered Ca2+ ŝŶŇƵǆǀŝĂEyϭ͘ϯ͘,ŽǁĞǀĞƌ͕ ŝŶƚƌĂĐĞůůƵůĂƌ
Ca2+ ůĞǀĞůƐĚŝĚƌĞŐƵůĂƚĞEyϭ͘ϯĂĐƟǀŝƚǇ͘
/ŶƚŚĞŬŝĚŶĞǇ͕ Ă2+ ĞǆƚƌƵƐŝŽŶŝƐƉĞƌĨŽƌŵĞĚďǇWDϭͬϰĂŶĚEyϭ͘/ŶĂƉƌĞǀŝŽƵƐƐƚƵĚǇƚŚĞ
ƌŽůĞŽĨEyϭĨƵŶĐƟŽŶŝŶƚŚŝƐƉƌŽĐĞƐƐǁĂƐĚĞŵŽŶƐƚƌĂƚĞĚŝŶdϮͬEdƐƉĞĐŝĮĐƚƵďƵůĞƐĞǆ
ǀŝǀŽ;ϯϭͿ͘dŚĞĞǆĂĐƚŝĚĞŶƟƚǇŽĨƚŚĞƐƉůŝĐĞǀĂƌŝĂŶƚƐƉůĂǇŝŶŐĂƌŽůĞŚĂƐďĞĞŶƵŶĐůĞĂƌ͕ ĂƐƐƉůŝĐĞ
ǀĂƌŝĂŶƚƐĚĞƐĐƌŝďĞĚŝŶĚŝīĞƌĞŶƚƐƉĞĐŝĞƐǁĞƌĞŶŽƚĐŽŶƐŝƐƚĞŶƚ͘/ŶƌĂƚŬŝĚŶĞǇEyϭ͘ϯ;ĞǆŽŶƐ
ͿĂŶĚEyϭ͘ϳ;ĞǆŽŶƐ&ͿǁĞƌĞĨŽƵŶĚ͕ǁŚĞƌĞĂƐŝŶƌĂďďŝƚǀĂƌŝĂŶƚƐEyϭ͘Ϯ;ĞǆŽŶƐͿ
ĂŶĚEyϭ͘ϯǁĞƌĞĚĞƚĞĐƚĞĚ;ϭϭ͕ϭϮ͕ϭϱͿ͘/ŶĂŶŝŵŵŽƌƚĂůŝǌĞĚŵŽƵƐĞdĐĞůůůŝŶĞ͕ĞǆƉƌĞƐƐŝŽŶ
&ŝŐƵƌĞϮͮ&ƵƌĂͲϮĂŶĂůǇƐŝƐŽĨEyϭ͘ϯƐŚŽǁƐĂ2+ŝŶŇƵǆƵŶĚĞƌƌĞǀĞƌƐĞͲŵŽĚĞĐŽŶĚŝƟŽŶƐ͘ (AͿǀĞƌĂŐĞ&ƵƌĂͲ
2 traces in arbitrary units (a.u.) of HEK293 cells untransfected (in grey) and transfected (in black) with 
Eyϭ͘ϯ͘ƚϲϬƐĞĐŽŶĚƐƚŚĞƉĞƌĨƵƐŝŶŐďƵīĞƌǁĂƐƐǁŝƚĐŚĞĚƚŽƚŚĂƉƐŝŐĂƌŐŝŶ;ϭʅDͿĐŽŶƚĂŝŶŝŶŐďƵīĞƌŝŶŽƌĚĞƌ
to release intracellular Ca2+ƐƚŽƌĞƐ͘ƚϮϮϬƐďƵīĞƌǁĂƐƐǁŝƚĐŚĞĚĨƌŽŵEĂůƚŽED'ƐƟůůŝŶƚŚĞƉƌĞƐĞŶĐĞ
ŽĨƚŚĂƉƐŝŐĂƌŐŝŶ͕ŝŶĚƵĐŝŶŐƌĞǀĞƌƐĞͲŵŽĚĞĨƵŶĐƟŽŶŝŶŐŽĨƚŚĞEy͘;BͿǀĞƌĂŐĞĚ&ƵƌĂͲϮůĞǀĞůƐĂƚƚсϮϮϬ;ŽƉĞŶ
ďĂƌƐͿĂŶĚƚсϯϮϬƐ;ĐůŽƐĞĚďĂƌƐͿ͘ΎWфϬ͘ϬϱŝŶĐŽŵƉĂƌŝƐŽŶƚŽĐŽƌƌĞƐƉŽŶĚŝŶŐƟŵĞƉŽŝŶƚƐŝŶƵŶƚƌĂŶƐĨĞĐƚĞĚĐĞůůƐ͕
#P<0.05 in comparison to t=220 s in NCX1.3 expressing cells (n=93-94).
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ŽĨ Eyϭ͘ϲ ;ĞǆŽŶƐ Ϳ ƚŽŐĞƚŚĞƌǁŝƚŚEyϭ͘Ϯ ĂŶĚEyϭ͘ϯǁĂƐ ĚĞŵŽŶƐƚƌĂƚĞĚ ;ϭϰ͕ϯϮͿ͘
/ŶƚĞƌĞƐƟŶŐůǇ͕  'ŽƚŽŚ et al. recently reported NCX2 protein expression in the kidney. 
The NCX2 heterozygote knockout mice presented with natriuresis and hypercalciuria, 
ƐƵŐŐĞƐƟŶŐĂƉŽƚĞŶƟĂůŝŵƉŽƌƚĂŶƚƌŽůĞĨŽƌEyϮŝŶƚŚĞŬŝĚŶĞǇĂŶĚŝŶĂ2+ homeostasis (33). 
/ŶƚŚŝƐƐƚƵĚǇǁĞĨŽĐƵƐĞĚŽŶEyϭĂŶĚEyϭ͘Ϯ;Ϳ͕Eyϭ͘ϯ;ͿĂŶĚEyϭ͘ϳ;&ͿǁĞƌĞ
ĐůŽŶĞĚĨƌŽŵŵŽƵƐĞŬŝĚŶĞǇƟƐƐƵĞ͘Eyϭ͘ϯǁĂƐŝĚĞŶƟĮĞĚĂƐƚŚĞƉƌĞĚŽŵŝŶĂŶƚǀĂƌŝĂŶƚŝŶƚŚĞ
kidney as well as in DCT2/CNT, which was in accordance with previous literature (15,22). 
Murine NCX1.3 was cloned previously by Li et al.ĨƌŽŵŵŽƵƐĞŽƐƚĞŽĐůĂƐƚƐďƵƚĨƵŶĐƟŽŶĂů
studies were never performed using this construct (34). NCX1.2 and NCX1.3 were 
&ŝŐƵƌĞϯͮ ZĞŐƵůĂƟŽŶŽĨEyϭ͘ϯĂƐŵĞĂƐƵƌĞĚďǇŝŶŇƵǆŽĨ45Ca2+͘ HEK293T cells were transfected with Mock 
construct or NCX1.3 (DMSO/EtOH controls). (A) Uptake of 45Ca2+ was measured in cells pre-treated for 30 
ŵŝŶǁŝƚŚϱϬʅD^EͲϲ͕ϭϬϬŶDdW;ďŽƚŚŝŶD^KͿŽƌϭϬʅDĨŽƌƐŬŽůŝŶ;ŝŶƚK,ͿŝŶƉŚǇƐŝŽůŽŐŝĐĂůďƵīĞƌ
ĐŽŶƚĂŝŶŝŶŐEĂůĂŶĚŽƵĂďĂŝŶ͘ZĞǀĞƌƐĞͲŵŽĚĞŽĨEyϭ͘ϯǁĂƐŝŶĚƵĐĞĚƵƉŽŶƐǁŝƚĐŚŝŶŐƚŽED'ĐŽŶƚĂŝŶŝŶŐ
medium for 30 s. (BͿ ZĞƉƌĞƐĞŶƚĂƟǀĞ ŝŵŵƵŶŽďůŽƚ ĨŽƌEyϭ ĞǆƉƌĞƐƐŝŽŶ͕ ŽĨ ĐĞůůƐ ƵƐĞĚ ƉĂƌĂůůĞů ƚŽ 45Ca2+ 
ƵƉƚĂŬĞ͕ƚƌĞĂƚĞĚǁŝƚŚ^EͲϲ͕dWŽƌĨŽƌƐŬŽůŝŶ͘dŚĞŝŵŵƵŶŽďůŽƚǁŝƚŚďĞƚĂͲĂĐƟŶǁĂƐƵƐĞĚĂƐůŽĂĚŝŶŐĐŽŶƚƌŽů͘
(CͿEyϭ͘ϯƚƌĂŶƐĨĞĐƚĞĚ,<ϮϵϯdĐĞůůƐǁĞƌĞƉƌĞͲƚƌĞĂƚĞĚĨŽƌϯϬŵŝŶǁŝƚŚĂƉƚĂͲDĂŶĚ'dͲD;ϮϱʅDͿ͘
(DͿZĞƉƌĞƐĞŶƚĂƟǀĞŝŵŵƵŶŽďůŽƚĨŽƌEyϭĞǆƉƌĞƐƐŝŽŶ͕ŽĨĐĞůůƐƵƐĞĚƉĂƌĂůůĞůƚŽ45Ca2+ uptake, treated with 
ĂƉƚĂͲDŽƌ'dͲD͘dŚĞďĞƚĂͲĂĐƟŶŝŵŵƵŶŽďůŽƚǁĂƐƵƐĞĚĂƐůŽĂĚŝŶŐĐŽŶƚƌŽů͘ΎWфϬ͘ϬϱĂƐĐŽŵƉĂƌĞĚƚŽ
Mock, #P<0.05 as compared to DMSO/EtOH control (n=9).
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ĚĞƐĐƌŝďĞĚƚŽďĞĨƵŶĐƟŽŶĂůŝŶĂŵŽƵƐĞdĐĞůůůŝŶĞ͕ŚŽǁĞǀĞƌ͕ Eyϭ͘ϳǁĂƐŶŽƚĞǆƉƌĞƐƐĞĚ
;ϭϰͿ͘ /ŶĂŶŽƚŚĞƌƐƚƵĚǇ͕ Eyϭ͘ϯĂŶĚEyϭ͘ϳǁĞƌĞĐŽŵƉĂƌĞĚ͕ĚĞŵŽŶƐƚƌĂƟŶŐĂĚŝīĞƌĞŶĐĞ
ŝŶďƵīĞƌ ĐĂƉĂĐŝƚǇ ĂŶĚŽǆŝĚĂƟǀĞ ƐƚƌĞƐƐ ƌĞƐƉŽŶƐĞ ;ϯϱ͕ϯϲͿ͘,ŽǁĞǀĞƌ͕  ƚŚŝƐǁĂƐ ůĂƚĞƌƉĂƌƚůǇ
ĞǆƉůĂŝŶĞĚ ďǇ ƚŚĞ ƵƐĞĚ Ey ĐŽŶƐƚƌƵĐƚ͕ ǁŚŝĐŚ ĐŽŶƚĂŝŶĞĚ Ă ĚŝīĞƌĞŶĐĞ ŽĨ ŽŶĞ ƌĞƐŝĚƵĞ Ăƚ
ƉŽƐŝƟŽŶϮϭϴ͕ǁŚŝĐŚŝƐŶŽƚƉƌĞƐĞŶƚŝŶƚŚĞƐƉůŝĐĞƌĞŐŝŽŶ;ϯϳͿ͘&ŽƌEyϭ͘ϮŶŽƚŵƵĐŚŝƐŬŶŽǁŶ
ĂďŽƵƚŝƚƐƌŽůĞĂŶĚƌĞŐƵůĂƟŽŶ͘dŚĞƌŽůĞŽĨƚŚĞŵƵƚƵĂůůǇĞǆĐůƵƐŝǀĞĞǆŽŶƐĂŶĚŚĂƐďĞĞŶ
ŝŶǀĞƐƟŐĂƚĞĚĞĂƌůŝĞƌ͕ ĨƵŶĐƟŽŶĂůůǇĐŽŵƉĂƌŝŶŐEyϭ͘ϯ;ĞǆŽŶƐͿƚŽƚŚĞďƌĂŝŶƐƉĞĐŝĮĐǀĂƌŝĂŶƚ
Eyϭ͘ϰ ;ĞǆŽŶƐͿ ;ϮϮ͕ϯϴͿ͘Eyϭ͘ϯǁĂƐ ƐŚŽǁŶ ƚŽďĞ ĐŽŶƐŝĚĞƌĂďůǇŵŽƌĞ ƐƵƐĐĞƉƟďůĞ ƚŽ
intracellular Na+ͲĚĞƉĞŶĚĞŶƚŝŶĂĐƟǀĂƟŽŶĐŽŵƉĂƌĞĚƚŽEyϭ͘ϰ͕ĂŶĚŚŝŐŚŝŶƚƌĂĐĞůůƵůĂƌĂ2+ 
ĐŽŶĐĞŶƚƌĂƟŽŶƐĐŽƵůĚĂůůĞǀŝĂƚĞEĂ+ͲĚĞƉĞŶĚĞŶƚŝŶĂĐƟǀĂƟŽŶŝŶEyϭ͘ϰŽŶůǇ;ϮϮ͕ϯϴͿ͘WŽƐƐŝďůǇ
ƚŚŝƐ ĐŚĂƌĂĐƚĞƌŝƐƟĐ ĐŽƵůĚďĞĞǆƉůĂŝŶĞĚďǇ ƚŚĞŚǇƉŽƚŚĞƐŝƐ ƚŚĂƚ ƚŚĞϮ ƌĞŐŝŽŶŽĨ ƐƉůŝĐĞ
ǀĂƌŝĂŶƚƐĐŽŶƚĂŝŶŝŶŐĞǆŽŶ͕ĂƌĞƚŚŽƵŐŚƚŶŽƚƚŽďŝŶĚĂ2+, as this region remains completely 
unstructured even when Ca2+ ůĞǀĞůƐ ĂƌĞ ŚŝŐŚ ;ϯϵͿ͘ /Ŷ ŽƵƌ ƐƚƵĚǇ͕  Eyϭ͘ϯ ǀĂƌŝĂŶƚ ǁĂƐ
ĨƵŶĐƟŽŶĂůůǇĐŚĂƌĂĐƚĞƌŝǌĞĚ͕ƐŝŶĐĞŝƚǁĂƐƚŚĞŵŽƐƚĂďƵŶĚĂŶƚůǇĞǆƉƌĞƐƐĞĚǀĂƌŝĂŶƚŝŶdϮͬ
CNT tubules, expressing most value for the role of NCX1 in transcellular Ca2+ transport.
First, Fura-2 measurements in NCX1.3 overexpressing HEK293 cells demonstrated 
ƌĞǀĞƌƐĞͲŵŽĚĞEyϭ͘ϯĂĐƟǀŝƚǇ͘EĞǆƚ͕Eyϭ͘ϯǁĂƐĨƵƌƚŚĞƌĐŚĂƌĂĐƚĞƌŝǌĞĚďǇĂƉƉůǇŝŶŐƚŚĞ
Ey ŝŶŚŝďŝƚŽƌ ^EͲϲ͘  ĐŽŶĐĞŶƚƌĂƟŽŶ ŽĨ ϱϬ ʅDǁĂƐ ĂďůĞ ƚŽ ĚĞĐƌĞĂƐĞ Ă2+ ŝŶŇƵǆǁŝƚŚ
ϯϬй͘/ǁĂŵŽƚŽet al. ƐŚŽǁĞĚĂĚĞĐƌĞĂƐĞĨŽƌEyϭ͘ϭ;ĞǆŽŶƐ&ͿŽĨĂůŵŽƐƚϵϬйǁŝƚŚ
ϯϬʅD^EͲϲ;ϮϲͿ͘dŚŝƐĚŝīĞƌĞŶĐĞŝŶĂŵŽƵŶƚŽĨŝŶŚŝďŝƟŽŶĐŽƵůĚďĞĚƵĞƚŽƚŚĞĚŝīĞƌĞŶƚ
splice variants, however, it is thought that SN-6 interacts at the so-called exchanger 
ŝŶŚŝďŝƚŽƌǇƉĞƉƟĚĞ;y/WͿƌĞŐŝŽŶ͕ǁŚŝĐŚŝƐƉƌĞƐĞŶƚŝŶďŽƚŚƐƉůŝĐĞǀĂƌŝĂŶƚƐ;ϮϲͿ͘WŽƚĞŶƟĂůůǇ
ƚŚĞĚŝīĞƌĞŶĐĞŝŶƌĞƐƉŽŶƐĞŽŶ^EͲϲŝƐĐĂƵƐĞĚďǇƚŚĞƵƐĞĚĐĞůůƚǇƉĞŽƌĚŝīĞƌĞŶĐĞŝŶĂ2+ 
ĐŽŶĐĞŶƚƌĂƟŽŶ͘/ŶƚĞƌĞƐƟŶŐůǇ͕ ƚŚĞƉƌĞƐĞŶƚƌĞƐƵůƚƐĚĞŵŽŶƐƚƌĂƚĞĚŶŽĞīĞĐƚŽĨW<ƐŝŐŶĂůŝŶŐ
ŽŶEyϭ͘ϯĂĐƟǀŝƚǇǁŚĞŶĂĐƟǀĂƚĞĚƵƐŝŶŐdW͕ǁŚŝĐŚŝƐŝŶĐŽŶƚƌĂƐƚƚŽ,ǁĂŶŐet al. (37). 
,ŽǁĞǀĞƌ͕ ƉŚŽƐƉŚŽƌǇůĂƟŽŶŽĨEyƌĞŵĂŝŶƐĐŽŶƚƌŽǀĞƌƐŝĂůĂŶĚƐĞĞŵƐůĂƌŐĞůǇĚĞƉĞŶĚĞŶƚŽŶ
ƐƉĞĐŝĮĐĐŝƌĐƵŵƐƚĂŶĐĞƐ;Ϯϭ͕ϰϬͿ͘WƌĞƐƵŵĂďůǇ͕ EyϭŝƐƉĂƌƚŽĨĂŵĂĐƌŽŵŽůĞĐƵůĂƌĐŽŵƉůĞǆ͕
ĐŽŶƚĂŝŶŝŶŐŬŝŶĂƐĞƐĂŶĚƉŚŽƐƉŚĂƚĂƐĞƐ͕ǁŚŝĐŚŵŝŐŚƚĚŝīĞƌĂŵŽŶŐĐĞůů ůŝŶĞƐ͕ƟƐƐƵĞƐĂŶĚ
ĚŝīĞƌĞŶƚ ĐŝƌĐƵŵƐƚĂŶĐĞƐ͘ůƐŽ͕ƉŚŽƐƉŚŽƌǇůĂƟŽŶƉƌŽĐĞƐƐĞƐŵŝŐŚƚ ŝŶĚŝƌĞĐƚůǇĂīĞĐƚEyϭ
ĂĐƟǀŝƚǇ;ϰϬ͕ϰϭͿ͘ĐƟǀĂƟŽŶŽĨEyϭďǇW<ǁĂƐŽŶůǇƌĞƉŽƌƚĞĚĨŽƌEyϭ͘ϭĂŶĚŶŽƚEyϭ͘ϯ͕
consistent with the present results (13).
&ŝŶĂůůǇ͕ ǁĞĨƵƌƚŚĞƌƐƵďƐƚĂŶƟĂƚĞĚƚŚĂƚŝŶƚƌĂĐĞůůƵůĂƌĂ2+ is of key importance for NCX1.3 
ĂĐƟǀŝƚǇďǇĂƉƉůǇŝŶŐƚŚĞ ŝŶƚƌĂĐĞůůƵůĂƌĂ2+ďƵīĞƌƐĂƉƚĂͲDĂŶĚ'dͲD͘dŚŝƐǁĂƐ ŝŶ
ĂĐĐŽƌĚĂŶĐĞǁŝƚŚƉƌĞǀŝŽƵƐůŝƚĞƌĂƚƵƌĞ͕ǁŚŝĐŚƐŚŽǁĞĚĂƐŝŵŝůĂƌĞīĞĐƚĨŽƌEyϭ͘ϭ;ϯϬ͕ϰϮͿ͘
/ŶĐƌĞĂƐĞĚĂ2+ĐŽŶĐĞŶƚƌĂƟŽŶƐĂƌĞŬŶŽǁŶƚŽƐƟŵƵůĂƚĞEyϭĂĐƟǀŝƚǇ͕ ǀŝĂďŝŶĚŝŶŐƚŽƚŚĞ
Ca2+ͲďŝŶĚŝŶŐĚŽŵĂŝŶƐ ;Ϯϳ͕Ϯϴ͕ϰϯͿ͘ŶŽƚŚĞƌŚǇƉŽƚŚĞƐŝƐ ŝƐ ƌĞŐƵůĂƟŽŶďǇ ƚŚĞĂ2+ sensing 
ƉƌŽƚĞŝŶĐĂůŵŽĚƵůŝŶ;ĂDͿ͘ǇĚĞĐƌĞĂƐŝŶŐŝŶƚƌĂĐĞůůƵůĂƌĂ2+ĐŽŶĐĞŶƚƌĂƟŽŶƐ͕ĂDǁŽƵůĚ
ŶŽƚďĞĂďůĞƚŽƉŽƚĞŶƟĂůůǇƐƟŵƵůĂƚĞEyϭ͘,ŽǁĞǀĞƌ͕ ŝŶƚĞƌĂĐƟŽŶŽĨĂDǁŝƚŚEyϭŚĂƐ
never been observed so far (44,45), though Li et al.ŝĚĞŶƟĮĞĚĂƉƌĞĚŝĐƚĞĚĂDďŝŶĚŝŶŐ
ƐŝƚĞŝŶƚŚĞy/WƌĞŐŝŽŶŽĨEyϭ͘,ŽǁĞǀĞƌ͕ ƚŚŝƐƌĞŐŝŽŶǁĂƐƐŚŽǁŶƚŽďŝŶĚĂDĂƐĂƉĞƉƟĚĞ
ŽŶůǇ͕ ĂŶĚŝŶƚĞƌĞƐƟŶŐůǇy/WƉĞƉƟĚĞƐǁĞƌĞƐŚŽǁŶƚŽŝŶŚŝďŝƚEy͘EyƌĞŐƵůĂƟŽŶǀŝĂĂD
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ǁŽƵůĚďĞŝŶƚĞƌĞƐƟŶŐ͕ƐŝŶĐĞĂůůŽƚŚĞƌŝŵƉŽƌƚĂŶƚƉůĂǇĞƌƐŝŶĂ2+ ƌĞĂďƐŽƌƉƟŽŶŝŶƚŚĞdϮͬ
Ed͕ ŶĂŵĞůǇdZWsϱĂŶĚWD͕ĂƌĞĂůƐŽƌĞŐƵůĂƚĞĚďǇĂD;ϰϲ͕ϰϳͿ͘
/Ŷ ĐŽŶĐůƵƐŝŽŶ͕ ƚŚĞ ƉƌĞƐĞŶƚ ƐƚƵĚǇ ŝĚĞŶƟĮĞƐ Eyϭ͘ϯ ĂƐ ƚŚĞ ŵĂŝŶ Eyϭ ĞǆƉƌĞƐƐĞĚ ŝŶ
dϮͬEd ƚƵďƵůĞƐ ĨĂĐŝůŝƚĂƟŶŐ ƚƌĂŶƐĐĞůůƵůĂƌ Ă2+ ƌĞĂďƐŽƌƉƟŽŶ ĂŶĚ ĚĞŵŽŶƐƚƌĂƚĞƐ ƚŚĂƚ
intracellular Ca2+ ŝƐŝŵƉŽƌƚĂŶƚĨŽƌEyϭ͘ϯĂĐƟǀŝƚǇ͘
ĐŬŶŽǁůĞĚŐĞŵĞŶƚƐ
dŚŝƐǁŽƌŬǁĂƐĮŶĂŶĐŝĂůůǇƐƵƉƉŽƌƚĞĚďǇƚŚĞEĞƚŚĞƌůĂŶĚƐKƌŐĂŶŝǌĂƟŽŶĨŽƌ^ ĐŝĞŶƟĮĐZĞƐĞĂƌĐŚ
;EtKͲ>t ϴϭϵ͘ϬϮ͘ϬϭϮ ĂŶĚ EtKͲs// Ϭϭϲ͘ϭϯϬ͘ϲϲϴͿ͕ hZĞŶKŵŝĐƐ ĨƵŶĚŝŶŐ ĨƌŽŵ ƚŚĞ
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Chapter 7
/ŶƚƌŽĚƵĐƟŽŶ
ƉƉƌŽǆŝŵĂƚĞůǇϭϮйŽĨƚŚĞƉŽƉƵůĂƟŽŶǁŽƌůĚǁŝĚĞŝƐĚŝĂŐŶŽƐĞĚǁŝƚŚĐŚƌŽŶŝĐŬŝĚŶĞǇĚŝƐĞĂƐĞ
;<Ϳ͕ǁŚŝĐŚŝƐĚĞĮŶĞĚĂƐĂŶĞƐƟŵĂƚĞĚŐůŽŵĞƌƵůĂƌĮůƚƌĂƟŽŶƌĂƚĞďĞůŽǁϲϬŵůͬŵŝŶͬϭ͘ϳϯ
m2 for more than three months or the occurrence of proteinuria (1). The severity of the 
ĚŝƐĞĂƐĞŝƐĚŝǀŝĚĞĚŝŶĚŝīĞƌĞŶƚƐƚĂŐĞƐ͕ĨƌŽŵŵŝůĚ;ƐƚĂŐĞϭͿƚŽĞŶĚƐƚĂŐĞƌĞŶĂůĚŝƐĞĂƐĞ;ƐƚĂŐĞ
ϱͿ;ϮͿ͘dŚĞƌŝƐŬŽĨĚĞǀĞůŽƉŝŶŐĐŽͲŵŽƌďŝĚŝƟĞƐ͕ƐƵĐŚĂƐĐĂƌĚŝŽǀĂƐĐƵůĂƌĚŝƐĞĂƐĞŝƐŝŶĐƌĞĂƐĞĚ
ŝŶ ƉĂƟĞŶƚƐǁŝƚŚ < ;ϯͿ͘ ŝƌĐƵůĂƟŶŐ ĂŶĚ ďŽŶĞͲƐƚŽƌĞĚ ĐĂůĐŝƵŵ ;Ă2+) and phosphorus 
(PiͿ ƉůĂǇ ĂŶ ŝŵƉŽƌƚĂŶƚ ƌŽůĞ ŝŶ ƚŚĞ ĚĞǀĞůŽƉŵĞŶƚ ŽĨ ƚǇƉŝĐĂů ǀĂƐĐƵůĂƌ ĐĂůĐŝĮĐĂƟŽŶƐ͕ ĂŶĚ
ƚŚĞƌĞĨŽƌĞŵĂŝŶƚĂŝŶŝŶŐĂŶŽƌŵĂůďĂůĂŶĐĞĨŽƌƚŚĞƐĞĞůĞĐƚƌŽůǇƚĞƐŝƐǀŝƚĂů;ϰͿ͘ŽƚŚĂ2+ and 
PiĂƌĞƌĞŐƵůĂƚĞĚǀŝĂĐŽŵƉůĞǆĞŶĚŽĐƌŝŶĞƉĂƚŚǁĂǇƐ͕ŝŶĐůƵĚŝŶŐƚŚĞĮďƌŽďůĂƐƚŐƌŽǁƚŚĨĂĐƚŽƌ
;&'&ͿϮϯͲŬůŽƚŚŽͲǀŝƚĂŵŝŶĂǆŝƐ͕ǁŚŝĐŚ ŝƐŵŽƌĞĞǆƚĞŶƐŝǀĞůǇĚĞƐĐƌŝďĞĚ ŝŶchapter 1. This 
ƉĂƚŚǁĂǇĂŶĚƚŚĞĐŽŶƐĞƋƵĞŶƚĂ2+ and PiƌĞŐƵůĂƟŽŶŝŶŚĞĂůƚŚĂŶĚĚƵƌŝŶŐ<ŝƐĚŝƐĐƵƐƐĞĚ
in chapter 2, whereas chapter 3 and 4 focus on the protein alpha-klotho (klotho). Klotho 
ŚĂƐƚǁŽĨŽƌŵƐ͗ŵĞŵďƌĂŶĞͲďŽƵŶĚĂŶĚĨƌĞĞĐŝƌĐƵůĂƟŶŐŬůŽƚŚŽ͕ďĞƩĞƌŬŶŽǁŶĂƐƐŽůƵďůĞ
ŬůŽƚŚŽ;ϱͿ͘ĞƐƉŝƚĞƚŚĞŝŶĐƌĞĂƐŝŶŐŶƵŵďĞƌŽĨƉƵďůŝĐĂƟŽŶƐƐƚƵĚǇŝŶŐƚŚĞƌŽůĞŽĨŬůŽƚŚŽ͕ƐƟůů
a lot of controversies remain. 
dŚĞŬŝĚŶĞǇŝƐĂŶŝŵƉŽƌƚĂŶƚŽƌŐĂŶŝŶƌĞŐƵůĂƟŶŐƐĞƌƵŵĂ2+ and Pi levels. The majority of 
ƵůƚƌĂĮůƚƌĂƚĞĚĂ2+ is reclaimed at more proximal segments of the nephron, including the 
ƚŚŝĐŬĂƐĐĞŶĚŝŶŐůŝŵď͘dŚĞƐƵďƐĞƋƵĞŶƚĮŶĞͲƚƵŶŝŶŐŽĨĂ2+ĞǆĐƌĞƟŽŶŽĐĐƵƌƐŝŶƚŚĞĚŝƐƚĂů
part of the nephron (6). The cellular entry of Ca2+ ĂƚƚŚŝƐůĂƩĞƌƉĂƌƚŝƐǁĞůůͲĚĞƐĐƌŝďĞĚĂŶĚ
ƚĂŬĞƐƉůĂĐĞǀŝĂƚŚĞĞƉŝƚŚĞůŝĂůƚƌĂŶƐŝĞŶƚƌĞĐĞƉƚŽƌƉŽƚĞŶƟĂůǀĂŶŝůůŽŝĚϱ;dZWsϱͿĂ2+ channel 
ĂŶĚƐƵďƐĞƋƵĞŶƚůǇĚŝīƵƐĞƐ͕ďŽƵŶĚƚŽĐĂůďŝŶĚŝŶƐ͕ƚŽǁĂƌĚƐƚŚĞďĂƐŽůĂƚĞƌĂůƐŝĚĞ͘ƚƚŚŝƐƐŝĚĞ͕
Ca2+ is extruded via the sodium (Na+)/Ca2+ exchanger NCX1 and the plasma membrane 
Ca2+ͲdWĂƐĞWDϭͬϰ;ϲͿ͘ŽƚŚEyϭĂŶĚWDϭͬϰŚĂǀĞĂǀĂƌŝĞƚǇŽĨŝƐŽĨŽƌŵƐŽĨǁŚŝĐŚ
ƚŚĞŝŶĚŝǀŝĚƵĂůĨƵŶĐƟŽŶƐŝŶƌĞŐƵůĂƟŶŐĂ2+ extrusion are yet unknown. The role of these 
variants in renal Ca2+ƌĞŐƵůĂƟŽŶŝƐĚĞƚĞƌŵŝŶĞĚŝŶchapter 5 and 6.
&'&ϮϯͲŬůŽƚŚŽͲǀŝƚĂŵŝŶĂǆŝƐ
Animal models mimicking CKD
dŚĞďĞƐƚƚƌĞĂƚŵĞŶƚŽƉƟŽŶĨŽƌƉĂƟĞŶƚƐĚŝĂŐŶŽƐĞĚǁŝƚŚĞŶĚƐƚĂŐĞƌĞŶĂůĚŝƐĞĂƐĞŝƐŬŝĚŶĞǇ
ƚƌĂŶƐƉůĂŶƚĂƟŽŶ͘ ,ŽǁĞǀĞƌ͕  ĚƵĞ ƚŽ Ă ůĂƌŐĞ ƐŚŽƌƚĂŐĞ ŽĨ ĚŽŶŽƌ ŬŝĚŶĞǇƐ ƉĂƟĞŶƚƐ ŚĂǀĞ ƚŽ
ŐŽŽŶĚŝĂůǇƐŝƐ;ϳͿ͘hŶĨŽƌƚƵŶĂƚĞůǇ͕ ƚŚŝƐĐĂŶŶŽƚƌĞƉůĂĐĞƚŚĞĨƵůůƉŚǇƐŝŽůŽŐŝĐĂůĨƵŶĐƟŽŶŽĨĂ
ŬŝĚŶĞǇ͕ ĂŶĚĐŽŶƐĞƋƵĞŶƚůǇƋƵĂůŝƚǇŽĨůŝĨĞĂŶĚůŝĨĞĞǆƉĞĐƚĂŶĐǇĂƌĞƌĞĚƵĐĞĚ;ϴͿ͘dŚŝƐĐůĞĂƌůǇ
ĞŵƉŚĂƐŝǌĞƐƚŚĞŶĞĞĚƚŽŝŶǀĞƐƟŐĂƚĞƚŚĞƵŶĚĞƌůǇŝŶŐĚŝƐĞĂƐĞŵĞĐŚĂŶŝƐŵŽĨ<͕ƐŽĚŝƐĞĂƐĞ
ƉƌŽŐƌĞƐƐŝŽŶĂŶĚĚĞǀĞůŽƉŵĞŶƚŽĨĐŽŵƉůŝĐĂƟŽŶƐĐĂŶďĞƐƚŽƉƉĞĚŽƌĚĞůĂǇĞĚ͘ƵƌŝŶŐ<͕ƚŚĞ
&'&ϮϯͲŬůŽƚŚŽͲǀŝƚĂŵŝŶĂǆŝƐŝƐĚĞƌĞŐƵůĂƚĞĚĂŶĚĐŽŶƐĞƋƵĞŶƚůǇƚŚĞĂ2+ and Pi homeostasis 
ŝƐĚŝƐƚƵƌďĞĚ͘dŚŝƐǁĂƐ ŝŶǀĞƐƟŐĂƚĞĚ ŝŶchapter 2͕ďǇƵƐŝŶŐ ƚǁŽĚŝīĞƌĞŶƚŵŽƵƐĞŵŽĚĞůƐ
ŽĨĞǆƉĞƌŝŵĞŶƚĂů<͗ĂƉĂƌƟĂů ;ϱͬϲth) nephrectomy model and an adenine diet model. 
ůƚŚŽƵŐŚ ďŽƚŚ ĂƌĞ ǁĞůůͲĚĞƐĐƌŝďĞĚ < ŵŽĚĞůƐ͕ ϱͬϲth nephrectomy induces primarily 
glomerular sclerosis in the remnant kidney, whereas the adenine diet is used to cause 
ƚƵďƵůŽŝŶƚĞƌƐƟƟĂůĚĂŵĂŐĞ;ϵͿ͘ĞƐƉŝƚĞƚŚĞĚŝīĞƌĞŶƚĞƟŽůŽŐǇŽĨƚŚĞŵŽĚĞůƐ͕ƉƌŽŐƌĞƐƐŝǀĞ
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ƌĞŶĂůĨĂŝůƵƌĞĚĞǀĞůŽƉĞĚĂƐƌĞŇĞĐƚĞĚďǇƉŽůǇƵƌŝĂ͕ƵƌĞŵŝĂĂŶĚŝŶĐƌĞĂƐĞĚŵZEĞǆƉƌĞƐƐŝŽŶŽĨ
ƚŚĞƚƵďƵůĂƌŝŶũƵƌǇŵĂƌŬĞƌŶĞƵƚƌŽƉŚŝůŐĞůĂƟŶĂƐĞͲĂƐƐŽĐŝĂƚĞĚůŝƉŽĐĂůŝŶ;E'>Ϳ͘dŚĞĂĚĞŶŝŶĞ
diet, especially at four weeks, demonstrated a more aggravated disease model compared 
to the 5/6th nephrectomy model as illustrated by elevated serum Pi levels. These results 
are in accordance with a study in rats, where both models were compared and a more 
ƐĞǀĞƌĞƌĞŶĂůĚǇƐĨƵŶĐƟŽŶǁĂƐŽďƐĞƌǀĞĚĂŌĞƌĂĚĞŶŝŶĞƚƌĞĂƚŵĞŶƚ;ϵͿ͘dŚĞĂĚǀĂŶƚĂŐĞŽĨƚŚĞ
ĂĚĞŶŝŶĞĚŝĞƚŵŽĚĞůŝƐƚŚĞĂďŝůŝƚǇƚŽĂĚĂƉƚƚŚĞůĞǀĞůŽĨŝŶũƵƌǇďǇĂĚũƵƐƟŶŐƚŚĞĐŽŶƚĞŶƚŽĨ
ĂĚĞŶŝŶĞŝŶƚŚĞĚŝĞƚ͘DŽƌĞŽǀĞƌ͕ ƚŚĞƌĞŝƐůŽǁĞƌŝŶƚĞƌͲŝŶĚŝǀŝĚƵĂůǀĂƌŝĂƟŽŶŝŶƌĞŶĂůĨƵŶĐƟŽŶ
and less mortality compared to the 5/6th nephrectomy model (10). 
FGF23 signaling in health and during CKD
/ŶŽƵƌƐƚƵĚǇ͕ ƐĞƌƵŵ&'&ϮϯůĞǀĞůƐǁĞƌĞƐŝŐŶŝĮĐĂŶƚůǇŚŝŐŚĞƌŝŶƚŚĞĂĚĞŶŝŶĞͲƚƌĞĂƚĞĚŐƌŽƵƉƐ͘
^ƵƌƉƌŝƐŝŶŐůǇ͕  ƌĞŶĂůǇƉϮϳďϭŵZE ůĞǀĞůƐ ĂŶĚ ƐĞƌƵŵǀŝƚĂŵŝŶ ůĞǀĞůƐǁĞƌĞ ŝŶĐƌĞĂƐĞĚ͕
ĚĞƐƉŝƚĞƚŚĞĨĂĐƚƚŚĂƚ&'&ϮϯŝƐŬŶŽǁŶƚŽĚŽǁŶƌĞŐƵůĂƚĞďŽƚŚ;ϭϭͿ͘dŚŝƐĐŽƵůĚďĞĞǆƉůĂŝŶĞĚ
ďǇůŽǁĞƌƌĞŶĂůŬůŽƚŚŽůĞǀĞůƐ͕ƌĞƐƵůƟŶŐŝŶ&'&ϮϯƐŝŐŶĂůŝŶŐƌĞƐŝƐƚĂŶĐĞ͘dŚŝƐǁŽƵůĚůŝŵŝƚƚŚĞ
ŝŶŚŝďŝƚŽƌǇĞīĞĐƚƐŽĨ&'&ϮϯŽŶǀŝƚĂŵŝŶŵĞƚĂďŽůŝƐŵ͕ůĞĂĚŝŶŐƚŽŝŶĐƌĞĂƐĞĚƐĞƌƵŵǀŝƚĂŵŝŶ
ůĞǀĞůƐ͘/ŶĂĚĚŝƟŽŶ͕ƐĞƌƵŵƉĂƌĂƚŚǇƌŽŝĚŚŽƌŵŽŶĞ;Wd,Ϳ͕ĂǀŝƚĂŵŝŶĂĐƟǀĂƚŽƌ͕ ŝƐŝŶĐƌĞĂƐĞĚ
ĂŶĚĂƐƐƵĐŚƉŽƐƐŝďůǇŽǀĞƌƌƵůŝŶŐ&'&ϮϯĞīĞĐƚƐŝŶƚŚĞŬŝĚŶĞǇ͘/ŶƉŚǇƐŝŽůŽŐŝĐĂůĐŽŶĚŝƟŽŶƐ͕
&'&ϮϯƐŝŐŶĂůŝŶŐĂĐƟǀĂƚĞƐĂŶ ŝŶƚƌĂĐĞůůƵůĂƌƐŝŐŶĂůŝŶŐĐĂƐĐĂĚĞǁŚĞƌĞĞǆƚƌĂĐĞůůƵůĂƌƐŝŐŶĂůͲ
regulated kinases (ERK)1/2 are phosphorylated and the early growth response 1 gene 
;'ZϭͿŝƐƵƉƌĞŐƵůĂƚĞĚ;&ŝŐƵƌĞϭͿ;ϭϮͿ͘,ŽǁĞǀĞƌ͕ ŵŽƌĞĞǀŝĚĞŶĐĞƉŽŝŶƚƐƚŽǁĂƌĚƐĂĚŝǀĞƌƚĞĚ
&'&ϮϯƐŝŐŶĂůŝŶŐƉĂƚŚǁĂǇ ĨŽƌ ƌĞŶĂůǀŝƚĂŵŝŶŵĞƚĂďŽůŝƐŵĂŶĚ ƚŚĞƉŚŽƐƉŚĂƚƵƌŝĐĞīĞĐƚ
&ŝŐƵƌĞϭͮ dǁŽŚǇƉŽƚŚĞƐĞƐĞǆƉůĂŝŶŝŶŐƚŚĞĚŝǀĞƌŐĞŶĐĞŽĨ&'&ϮϯƐŝŐŶĂůŝŶŐĞīĞĐƚƐŽŶEĂWŝͲ//ĂͬĐĂŶĚǀŝƚĂŵŝŶ
ƌĞŐƵůĂƟŶŐĞŶǌǇŵĞƐ͘ (AͿ<ůŽƚŚŽƚŽŐĞƚŚĞƌǁŝƚŚ&'&Zϭ͕ϯŽƌϰĨŽƌŵƐĂƌĞĐĞƉƚŽƌĐŽŵƉůĞǆĨŽƌ&'&ϮϯƐŝŐŶĂůŝŶŐ
ŝŶƚŚĞŬŝĚŶĞǇ͘ dŚŝƐƌĞƐƵůƚƐŝŶƉŚŽƐƉŚŽƌǇůĂƟŽŶŽĨĞǆƚƌĂĐĞůůƵůĂƌƐŝŐŶĂůͲƌĞŐƵůĂƚĞĚŬŝŶĂƐĞƐ;Z<ͿϭͬϮ͘dŚĞƌĞĂŌĞƌ͕ 
ƚŚĞƐŝŐŶĂůŝƐĚŝǀĞƌƚĞĚǁŚĞƌĞĂŶƵŶŬŶŽǁŶĨĂĐƚŽƌƌĞŐƵůĂƚĞƐǇƉϮϳďϭĂŶĚǇƉϮϰĂϭ͘dŚĞƚƌĂŶƐĐƌŝƉƟŽŶĨĂĐƚŽƌ
ĞĂƌůǇ ŐƌŽǁƚŚ ƌĞƐƉŽŶƐĞ ŐĞŶĞ ;'ZϭͿ ƌĞŐƵůĂƚĞƐ ƚŚĞ EĂ+/Pi ĐŽͲƚƌĂŶƐƉŽƌƚĞƌƐ EĂWŝͲ//ĂͬĐ͘ ;B) Klotho forms 
Ă ƌĞĐĞƉƚŽƌĐŽŵƉůĞǆ ƚŽŐĞƚŚĞƌǁŝƚŚ&'&Zϭ͕ ƌĞƐƵůƟŶŐ ŝŶZ<ϭͬϮƉŚŽƐƉŚŽƌǇůĂƟŽŶĂŶĚ'ZϭƵƉƌĞŐƵůĂƟŽŶ͕
ĞǀĞŶƚƵĂůůǇůĞĂĚŝŶŐƚŽEĂWŝͲ//ĂͬĐƌĞŐƵůĂƟŽŶ͘tŚĞŶŬůŽƚŚŽĨŽƌŵƐĂƌĞĐĞƉƚŽƌĐŽŵƉůĞǆǁŝƚŚ&'&Zϯͬϰ͕ǇƉϮϳďϭ
and Cyp24a1 are regulated, which results in decreased serum vitamin D levels.
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;ϭϯͿ͘ZĞĐĞŶƚůǇ'ZϭǁĂƐĚĞŵŽŶƐƚƌĂƚĞĚƚŽďĞŝŶǀŽůǀĞĚŝŶƚŚĞƌĞƚƌŝĞǀĂůŽĨƚŚĞEĂ+/Pi co-
ƚƌĂŶƐƉŽƌƚĞƌƐ;EĂWŝͲ//ĂͬĐͿĨƌŽŵƚŚĞĂƉŝĐĂůƉůĂƐŵĂŵĞŵďƌĂŶĞŝŶƚŚĞƉƌŽǆŝŵĂůƚƵďƵůĞ;WdͿ͕
ďƵƚ ŶŽƚ ŝŶ ĚĞĐƌĞĂƐŝŶŐ ƌĞŶĂů ǇƉϮϳďϭ ĞǆƉƌĞƐƐŝŽŶ ;ϭϯͿ͘ dŚĞƌĞĨŽƌĞ͕ ĚŝīĞƌĞŶƚ ƐŝŐŶĂůŝŶŐ
ƉĂƚŚǁĂǇƐŵŝŐŚƚďĞ ŝŶǀŽůǀĞĚĂŌĞƌZ<ϭͬϮƉŚŽƐƉŚŽƌǇůĂƟŽŶ ŝŶƌĞŐƵůĂƟŶŐƚŚĞĞīĞĐƚƐŽĨ
&'&Ϯϯ͘ /Ŷ ĂĚĚŝƟŽŶ͕ ƉƌĞǀŝŽƵƐ ƐƚƵĚŝĞƐ ƐƵŐŐĞƐƚ ƚŚĂƚ ƌĞŶĂů &'& ƌĞĐĞƉƚŽƌƐ ;&'&ZͿϯ ĂŶĚϰ͕
ƌĂƚŚĞƌƚŚĂŶ&'&Zϭ͕ĂƌĞŝŶǀŽůǀĞĚŝŶƌĞŶĂůǇƉϮϳďϭĂŶĚǇƉϮϰĂϭĞǆƉƌĞƐƐŝŽŶ͕ǁŚŝůĞ&'&Zϭ
ŝƐƚŚĞƉƌŝŶĐŝƉĂůƌĞĐĞƉƚŽƌĨŽƌƉŚŽƐƉŚĂƚƵƌŝĐĞīĞĐƚƐ;&ŝŐƵƌĞϭͿ;ϭϰͿ͘ŽŶƐĞƋƵĞŶƚůǇ͕ ĚŝīĞƌĞŶƚ
&'&ƌĞĐĞƉƚŽƌƐ ůĞĂĚ ƚŽĚŝīĞƌĞŶƚƐŝŐŶĂůŝŶŐƉĂƚŚǁĂǇƐ͘ŝƐƐĞĐƟŶŐ ƚŚĞ ƚǁŽƉĂƚŚǁĂǇƐŽĨWi 
ĞǆĐƌĞƟŽŶĂŶĚǇƉϮϳďϭƉƌŽĚƵĐƟŽŶĐŽƵůĚďĞƉŽƚĞŶƟĂůůǇŝŶƚĞƌĞƐƟŶŐĨŽƌĨƵƚƵƌĞƚƌĞĂƚŵĞŶƚ͕
ǁŚĞƌĞ ƚŚĞ ďĞŶĞĮĐŝĂů ƉŚŽƐƉŚĂƚƵƌŝĐ ĞīĞĐƚ ĐĂŶ ďĞ ƐƟŵƵůĂƚĞĚ ŝŶĚĞƉĞŶĚĞŶƚůǇ ŽĨ ƚŚĞ
ĚŝƐĂĚǀĂŶƚĂŐĞŽƵƐǀŝƚĂŵŝŶĐĂƚĂďŽůŝĐĞīĞĐƚƐ͘
ŶŽƚŚĞƌ ƌĞŵĂƌŬĂďůĞ ƉĂƚŚŽƉŚǇƐŝŽůŽŐŝĐĂů ƉŚĞŶŽƚǇƉĞ ŝŶ < ŝƐ ƐĞĐŽŶĚĂƌǇ
ŚǇƉĞƌƉĂƌĂƚŚǇƌŽŝĚŝƐŵ͕ ƐŝŶĐĞ ŚŝŐŚ ƐĞƌƵŵ &'&Ϯϯ ůĞǀĞůƐ͕ ǁŚŝĐŚ ĂƌĞ ƉƌĞƐĞŶƚ ĚƵƌŝŶŐ <͕
normally inhibit PTH synthesis (Figure 2) (15). Previously this was explained by the 
ƐƚĂƚĞ ŽĨ ŬůŽƚŚŽ ĚĞĮĐŝĞŶĐǇ ĚƵƌŝŶŐ <͕ ƚŚŽƵŐŚ ƌĞĐĞŶƚůǇ ŬůŽƚŚŽͲŝŶĚĞƉĞŶĚĞŶƚ &'&Ϯϯ
signaling has been demonstrated in certain organs (16,17). For instance, intravenous 
&'&Ϯϯ ŝŶũĞĐƟŽŶ ĐŽƵůĚ ƐƟůů ĚĞĐƌĞĂƐĞ Wd, ĞǆƉƌĞƐƐŝŽŶ ŝŶ ƚŚĞ ƉĂƌĂƚŚǇƌŽŝĚ ŐůĂŶĚƐ ŝŶ ƚŚĞ
ƉĂƌĂƚŚǇƌŽŝĚͲƐƉĞĐŝĮĐ ŬůŽƚŚŽ ŬŶŽĐŬŽƵƚ ;<KͿ ŵŽƵƐĞ ;ϭϳͿ͘ DŽƌĞŽǀĞƌ͕  ŚǇƉĞƌƉĂƌĂƚŚǇƌŽŝĚŝƐŵ
ǁĂƐŶŽƚĂŐŐƌĂǀĂƚĞĚ ŝŶ ƚŚĞƉĂƌĂƚŚǇƌŽŝĚͲƐƉĞĐŝĮĐ ŬůŽƚŚŽ<KŵŝĐĞ ŝŶ ƚŚĞƉƌĞƐĞŶĐĞŽĨŚŝŐŚ 
ƐĞƌƵŵ&'&ϮϯůĞǀĞůƐŝŶĚƵĐĞĚďǇ<͘dŚŝƐƐƵŐŐĞƐƚƐƚŚĂƚ&'&ϮϯƐŝŐŶĂůŝŶŐƌĞƐŝƐƚĂŶĐĞŝŶƚŚĞ
ƉĂƌĂƚŚǇƌŽŝĚŐůĂŶĚƐŝƐŶŽƚŽŶůǇĐĂƵƐĞĚďǇŬůŽƚŚŽŝŶƐƵĸĐŝĞŶĐǇ;ϭϳͿ͘WŽƚĞŶƟĂůůǇƚŚĞƌĞĚƵĐĞĚ
ĞǆƉƌĞƐƐŝŽŶŽĨ&'&ƌĞĐĞƉƚŽƌƐŝŶƚŚĞƉĂƌĂƚŚǇƌŽŝĚŐůĂŶĚƐĚƵƌŝŶŐ<ĐŽƵůĚďĞƚŚĞƵŶĚĞƌůǇŝŶŐ
ĐĂƵƐĞ;ϭϴ͕ϭϵͿ͘/Ŷchapter 2͕ŚŽǁĞǀĞƌ͕ ƌĞŶĂůŵZEĞǆƉƌĞƐƐŝŽŶŽĨ&'&ZϭĚƵƌŝŶŐ<ǁĂƐ
&ŝŐƵƌĞϮͮ&'&ϮϯƐŝŐŶĂůŝŶŐŝŶƚŚĞƉĂƌĂƚŚǇƌŽŝĚĐĞůůƐ͘;Ϳ/ŶĂŚĞĂůƚŚǇƐŝƚƵĂƟŽŶ͕&'&ϮϯƐŝŐŶĂůŝŶŐƌĞƐƵůƚƐŝŶ
ŝŶŚŝďŝƟŽŶŽĨWd,ƐĞĐƌĞƟŽŶ͘<ůŽƚŚŽͲĚĞƉĞŶĚĞŶƚ&'&ϮϯƐŝŐŶĂůŝŶŐ ŝƐǀŝĂƚŚĞZ<ƉĂƚŚǁĂǇ͕ ǁŚĞƌĞĂƐŬůŽƚŚŽͲ
ŝŶĚĞƉĞŶĚĞŶƚ&'&ϮϯƐŝŐŶĂůŝŶŐŝƐǀŝĂƚŚĞĐĂůĐŝŶĞƵƌŝŶƉĂƚŚǁĂǇ͘ ;ͿƵƌŝŶŐ<͕Wd,ƐĞĐƌĞƟŽŶŝƐŝŶĐƌĞĂƐĞĚ͕
ǁŚŝůĞ ƐĞƌƵŵ &'&Ϯϯ ůĞǀĞůƐ ĂƌĞ ŝŶĐƌĞĂƐĞĚ͘ dŚŝƐ ĐĂŶ ďĞ ĞǆƉůĂŝŶĞĚ ďǇ ĚĞĐƌĞĂƐĞĚ ŬůŽƚŚŽ ĞǆƉƌĞƐƐŝŽŶ ĂŶĚ
ƉŽƚĞŶƟĂůůǇĚĞĐƌĞĂƐĞĚ&'&ZĞǆƉƌĞƐƐŝŽŶ͕ƌĞƐƵůƟŶŐŝŶ&'&ϮϯƐŝŐŶĂůŝŶŐƌĞƐŝƐƚĂŶĐĞ͘
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ŶŽƚĚĞĐƌĞĂƐĞĚ͕ĂůƚŚŽƵŐŚƉĂƌĂƚŚǇƌŽŝĚŐůĂŶĚƐǁĞƌĞŶŽƚ ĐŚĞĐŬĞĚ͘ /Ŷ ƚŚĞŚĞĂƌƚ &'&ϮϯĐĂŶ
ĂůƐŽƐŝŐŶĂůǁŝƚŚŽƵƚŬůŽƚŚŽďǇƵƐŝŶŐ&'&ZϰĂƐƌĞĐĞƉƚŽƌ͕ ǁŚĞƌĞŚŝŐŚƐĞƌƵŵ&'&ϮϯůĞǀĞůƐĐĂŶ
ĐĂƵƐĞůĞŌǀĞŶƚƌŝĐƵůĂƌŚǇƉĞƌƚƌŽƉŚǇ;ϭϲ͕ϮϬͿ͘ůƚŚŽƵŐŚƚŚĞĞĂƌůǇƌŝƐĞŝŶƐĞƌƵŵ&'&ϮϯůĞǀĞůƐ
ĚƵƌŝŶŐ<ƐĞĞŵƐƚŽďĞďĞŶĞĮĐŝĂůŝŶŵĂŝŶƚĂŝŶŝŶŐƐĞƌƵŵWiůĞǀĞůƐďǇŝŶĐƌĞĂƐŝŶŐĞǆĐƌĞƟŽŶ
of Pi͕ ŝƚŵŝŐŚƚŚĂǀĞ ůĞƐƐďĞŶĞĮĐŝĂůƐŝĚĞĞīĞĐƚƐŽŶƚŚĞŚĞĂƌƚ͘ /ŶƚĞƌĞƐƟŶŐůǇ͕ ĐŬďĞƌŐet al. 
ĐŽŵƉĂƌĞĚƐĞƌƵŵ&'&ϮϯůĞǀĞůƐŽĨĂŶĨƌŝĐĂŶƉŽƉƵůĂƟŽŶǁŝƚŚĨƌŝĐĂŶŵĞƌŝĐĂŶƐ;ϮϭͿ͘tŚŝůĞ
serum PiůĞǀĞůƐǁĞƌĞƐŝŵŝůĂƌďĞƚǁĞĞŶŐƌŽƵƉƐ͕ƐĞƌƵŵ&'&ϮϯůĞǀĞůƐŝŶƚŚĞĨƌŝĐĂŶƉŽƉƵůĂƟŽŶ
ǁĞƌĞĂůŵŽƐƚƵŶĚĞƚĞĐƚĂďůĞĐŽŵƉĂƌĞĚƚŽ͞ ŶŽƌŵĂů͟ůĞǀĞůƐŝŶĨƌŝĐĂŶŵĞƌŝĐĂŶƐ͘dŚŝƐƐƵŐŐĞƐƚƐ
ŚŝŐŚĞƌƚŚĂŶ͞ŶŽƌŵĂů͟ƐĞƌƵŵ&'&ϮϯůĞǀĞůƐŝŶƚŚĞƉŽƉƵůĂƟŽŶŽĨƚŚĞtĞƐƚĞƌŶǁŽƌůĚ͕ŵŽƐƚ
ůŝŬĞůǇĚƵĞƚŽĚŝĞƚĂƌǇĚŝīĞƌĞŶĐĞƐ͕ǁŚŝĐŚĐŽƵůĚĂůƌĞĂĚǇĂīĞĐƚƚŚĞŚĞĂƌƚĨŽƌĞǆĂŵƉůĞ;ϮϭͿ͘
ŝƐĐƌĞƉĂŶĐŝĞƐďĞƚǁĞĞŶŚƵŵĂŶĂŶĚŵŽƵƐĞƐƚƵĚŝĞƐ
ŶŝŵƉŽƌƚĂŶƚŽďƐĞƌǀĂƟŽŶŽĨƚŚĞƐƚƵĚǇĚĞƐĐƌŝďĞĚŝŶchapter 2, is the discrepancy of the 
ĞǆƉĞƌŝŵĞŶƚĂů ĂŶŝŵĂůĚĂƚĂǁŝƚŚ ĐůŝŶŝĐĂů<͘<ƉĂƟĞŶƚƐĂƌĞ ĐůĂƐƐŝĐĂůůǇ ĐŚĂƌĂĐƚĞƌŝǌĞĚ
ǁŝƚŚƚŚĞŽĐĐƵƌƌĞŶĐĞŽĨŚǇƉŽĐĂůĐĞŵŝĂĂŶĚůŽǁƐĞƌƵŵǀŝƚĂŵŝŶůĞǀĞůƐ;ϮϮ͕ϮϯͿ͘/ŶĐŽŶƚƌĂƐƚ͕
ďŽƚŚ ƐƚƵĚŝĞĚ ĂŶŝŵĂů ŵŽĚĞůƐ ĚĞŵŽŶƐƚƌĂƚĞĚ ŚǇƉĞƌĐĂůĐĞŵŝĂ ŝŶ ĐŽŵďŝŶĂƟŽŶ ǁŝƚŚ ŚŝŐŚ
ƐĞƌƵŵǀŝƚĂŵŝŶ ůĞǀĞůƐ͕ǁŚĞƌĞƚŚĞ ůĂƩĞƌŵŝŐŚƚďĞƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ƚŚĞŚǇƉĞƌĐĂůĐĞŵŝĂ͘
dŚĞĚŝƐĐƌĞƉĂŶĐǇĐŽƵůĚďĞĐĂƵƐĞĚĚƵĞƚŽĂĚŝīĞƌĞŶĐĞŝŶĚƵƌĂƟŽŶŽĨƌĞŶĂůĨĂŝůƵƌĞ͘/ŶƚŚĞ
adenine model, serum vitamin D levels were declining at week 4 compared to week 2, 
ŝŶĚŝĐĂƟŶŐĂƐƉĞĐŝĮĐƟŵĞĐŽƵƌƐĞĨŽůůŽǁŝŶŐƚŚĞŽŶƐĞƚŽĨŬŝĚŶĞǇĚŝƐĞĂƐĞĂŶĚƐƵŐŐĞƐƟŶŐ
ĂĨƵƌƚŚĞƌĚĞĐůŝŶĞǁŚĞŶƚŚĞĞǆƉĞƌŝŵĞŶƚǁŽƵůĚďĞƉƌŽůŽŶŐĞĚ͘/ŶĚĞĞĚ͕ŝŶĂƐƚƵĚǇǁŚĞƌĞ
mice were administered a 0.15-0.2% (w/v) adenine diet for 8 weeks, serum vitamin 
D levels were decreased compared to control (10). The authors unfortunately did not 
ĐŚĞĐŬ ƐĞƌƵŵǀŝƚĂŵŝŶ ůĞǀĞůƐ Ăƚ ĂŶĂĚĚŝƟŽŶĂů ĞĂƌůŝĞƌƟŵĞƉŽŝŶƚ͘ dŚĞƐĞŵŝĐĞĚŝĚŶŽƚ
ĚĞǀĞůŽƉ ŚǇƉĞƌĐĂůĐĞŵŝĂ ĂƐ ŝŶ ŽƵƌ ƐƚƵĚǇ͕  ĂůƐŽ ŶŽƚ ĂŌĞƌ ϰǁĞĞŬƐ ŽĨ ĂĚĞŶŝŶĞ ƚƌĞĂƚŵĞŶƚ
;ϭϬͿ͘ŶŝŵƉŽƌƚĂŶƚĨĂĐƚŽƌƌĞƐƉŽŶƐŝďůĞĨŽƌĚŝǀĞƌƐĞŽƵƚĐŽŵĞƐŝŶĚŝīĞƌĞŶƚĂŶŝŵĂůƐƚƵĚŝĞƐ
ŝƐƚŚĞĂŵŽƵŶƚŽĨŝŶĚƵĐĞĚĚĂŵĂŐĞ͕ĐĂƵƐĞĚďǇĚŝīĞƌĞŶĐĞƐŝŶƚŚĞƉĞƌĐĞŶƚĂŐĞŽĨĂĚĞŶŝŶĞ
ĂĚĚĞĚ ƚŽ ƚŚĞ ĚŝĞƚ͕ ĚƵƌĂƟŽŶ ŽĨ ƚƌĞĂƚŵĞŶƚͬĞǆƉĞƌŝŵĞŶƚ͕ ƐƚƌĂŝŶ ŽĨ ŵŝĐĞ ĂŶĚ ƐƵƌŐŝĐĂů
ĞǆƉĞƌŝĞŶĐĞ͘/ŶĂĚĚŝƟŽŶ͕ŚƵŵĂŶĂŶĚƌŽĚĞŶƚƐĐĂŶĚŝīĞƌŝŶƚŚĞŝƌƌĞŐƵůĂƚŽƌǇŵĞĐŚĂŶŝƐŵƐ
(24). Furthermore, the animal models used in our study might not represent a “chronic” 
ĚŝƐĞĂƐĞŵŽĚĞů͕ƐŝŶĐĞƚŚĞŝŶũƵƌǇǁĂƐ͞ĨŽƌĐĞĚ͟ƚŽĚĞǀĞůŽƉŝŶϯƚŽϰǁĞĞŬƐƟŵĞ͘
<ůŽƚŚŽ͗ĚŝīĞƌĞŶƚĨŽƌŵƐ͕ĚŝīĞƌĞŶƚĨƵŶĐƟŽŶƐ
/ŶƚĞƌĞƐƟŶŐůǇ͕  ŵƵƌŝŶĞ <ŵŽĚĞůƐ ĂŶĚ ƚŚĞ ŬůŽƚŚŽ <KŵŽƵƐĞ ŚĂǀĞ ƐƚƌŝŬŝŶŐ ƐŝŵŝůĂƌŝƟĞƐ
;Ϯϱ͕ϮϲͿ͘ ŽƚŚ ƐŚŽǁ ŚǇƉĞƌƉŚŽƐƉŚĂƚĞŵŝĂ͕ ŚŝŐŚ ƐĞƌƵŵ &'&Ϯϯ ůĞǀĞůƐ ĂŶĚ ǀĂƐĐƵůĂƌ
ĐĂůĐŝĮĐĂƟŽŶƐ ;Ϯϱ͕ϮϲͿ͘ dŚĞƐĞ ĮŶĚŝŶŐƐ ƐƵŐŐĞƐƚ ƚŚĂƚ ƚŚĞ <ƉŚĞŶŽƚǇƉĞŵŝŐŚƚ ďĞ ƉĂƌƚůǇ
ĞǆƉůĂŝŶĞĚďǇŬůŽƚŚŽĚĞĮĐŝĞŶĐǇ͕ ǁŚŝĐŚŝƐĂůƐŽŽďƐĞƌǀĞĚŝŶŽƵƌĂŶŝŵĂů<ƐƚƵĚǇ;ϮϳͿ͘dǁŽ
forms of klotho are present in the body, membrane-bound klotho and soluble klotho. 
^ŽůƵďůĞŬůŽƚŚŽŝƐĂďƵŶĚĂŶƚŝŶƐĞƌƵŵ͕ƵƌŝŶĞĂŶĚĐĞƌĞďƌŽƐƉŝŶĂůŇƵŝĚĂŶĚŝƐŐĞŶĞƌĂƚĞĚďǇ
cleavage of membrane-bound klotho (5,28). Cleavage above the plasma membrane 
;ɲͲĐƵƚͿƌĞƐƵůƚƐŝŶĨƵůůͲůĞŶŐƚŚƐŽůƵďůĞŬůŽƚŚŽ͘ůĞĂǀĂŐĞďĞƚǁĞĞŶƚŚĞ<>ϭĂŶĚ<>ϮĚŽŵĂŝŶ
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;ɴͲĐƵƚͿƌĞůĞĂƐĞƐƚŚĞ<>ϭĨƌĂŐŵĞŶƚĂŶĚƐƵďƐĞƋƵĞŶƚĐůĞĂǀĂŐĞĂƚƚŚĞɲͲĐƵƚůĞĂĚƐƚŽƚŚĞ<>Ϯ
fragment (Figure 4, chapter 1Ϳ;Ϯϴ͕ϮϵͿ͘/Ŷchapter 3 increased soluble klotho levels were 
measured in the apical media compared to basolateral media using a polarized cell model, 
which might suggest higher urinary klotho levels compared to serum klotho levels. This is 
ƐƵƌƉƌŝƐŝŶŐ͕ďĞĐĂƵƐĞŵŽƐƚƐƚƵĚŝĞƐĨŽĐƵƐĞĚŽŶƚŚĞŝŵƉŽƌƚĂŶĐĞŽĨŬůŽƚŚŽŝŶƐĞƌƵŵ͘ŵŽŶŐ
the few studies that addressed the role of urinary klotho, our group has previously shown 
ƚŚĂƚŬůŽƚŚŽ ŝŶĐƌĞĂƐĞƐ ƚŚĞĞǆƉƌĞƐƐŝŽŶŽĨdZWsϱŽŶ ƚŚĞĂƉŝĐĂůƉůĂƐŵĂŵĞŵďƌĂŶĞŽĨ ƚŚĞ
ĚŝƐƚĂůĐŽŶǀŽůƵƚĞĚƚƵďƵůĞ;dͿ;ϯϬͿ͘/ŶĂĚĚŝƟŽŶ͕,Ƶet al.ƌĞƉŽƌƚĞĚƚŚĞŝŶŚŝďŝƚŽƌǇĞīĞĐƚ
ŽĨ ƐŽůƵďůĞ ŬůŽƚŚŽ ŽŶ ƚŚĞ ĂƉŝĐĂůůǇ ĞǆƉƌĞƐƐĞĚ EĂWŝͲ//Ă ŝŶ ƚŚĞ Wd͕  ŝŶĚƵĐŝŶŐ ƉŚŽƐƉŚĂƚƵƌŝĂ
(31). However, klotho is predominantly expressed in the DCT and full-length klotho 
ŝƐŶŽƚĮůƚƌĂƚĞĚďǇ ƚŚĞŐůŽŵĞƌƵůƵƐĚƵĞ ƚŽ ŝƚƐ ůĂƌŐĞŵŽůĞĐƵůĂƌ ƐŝǌĞ ;цϭϯϬŬĂͿ͕ ǀŝƌƚƵĂůůǇ
excluding this route of entrance in the proximal tubular space. Recently, transversion of 
klotho from the basolateral to apical side in the PT and DCT was demonstrated, which 
ĞǆƉůĂŝŶƐƐŽůƵďůĞŬůŽƚŚŽĂƚƉƌŽǆŝŵĂůƚƵďƵůĂƌůŽĐĂƟŽŶĂŶĚƚŚĞŚŝŐŚĞƌĂďƵŶĚĂŶĐĞŽĨƐŽůƵďůĞ
ŬůŽƚŚŽŽŶƚŚĞĂƉŝĐĂůƐŝĚĞ͘;ϯϮͿ͘dŚĞƐŵĂůůĞƌĨƌĂŐŵĞŶƚƐ<>ϭĂŶĚ<>ϮŵŝŐŚƚďĞĮůƚƌĂƚĞĚďǇ
the glomerulus based on their size. Presence of these fragments in serum or urine has, 
however, not been described in literature, although we have observed KL2 fragments in 
human urine (chapter 4Ϳ͘ďƌĂŵŽǀŝƚǌet al. demonstrated an inhibitory response of both 
ĨƵůůͲůĞŶŐƚŚƐŽůƵďůĞŬůŽƚŚŽĂŶĚ<>ϭŽŶƚŚĞŝŶƐƵůŝŶŐƌŽǁƚŚĨĂĐƚŽƌ;/'&ͿͲ/ƉĂƚŚǁĂǇ;ϯϯͿ͘^ ĞƌƵŵ
ƉŚŽƐƉŚĂƚĞ ůĞǀĞůƐ͕ ŚŽǁĞǀĞƌ͕  ǁĞƌĞ ĚŝīĞƌĞŶƚ ďĞƚǁĞĞŶ ƚƌĞĂƚŵĞŶƚƐ͘ dŚŝƐ ƐƵŐŐĞƐƚƐ ĐĞƌƚĂŝŶ
ƐƉĞĐŝĮĐĨƵŶĐƟŽŶƐĨŽƌƐŽůƵďůĞĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽĂŶĚƚŚĞƐŵĂůůĞƌĨƌĂŐŵĞŶƚƐ͘
/Ŷchapter 3 mechanisms are described that accomplish klotho shedding by a disintegrin 
ĂŶĚŵĞƚĂůůŽƉƌŽƚĞĂƐĞƐ;DƐͿ͘dŚĞƐĞƐŚĞĚĚĂƐĞƐĂƌĞƉƌĞƐĞŶƚŽŶƚŚĞƉůĂƐŵĂŵĞŵďƌĂŶĞ͕
ǁŚĞƌĞ ƚŚĞǇĐůĞĂǀĞŬůŽƚŚŽ͕ ƚŚĞƌĞďǇ ƌĞůĞĂƐŝŶŐƐŽůƵďůĞŬůŽƚŚŽ ;ϯϰ͕ϯϱͿ͘tĞ ĨŽĐƵƐĞĚŵĂŝŶůǇ
ŽŶ DϭϬ ĂŶĚ Dϭϳ͕ ďƵƚ ůŝŬĞůǇ ŽƚŚĞƌ ƐŚĞĚĚĂƐĞƐ ĐĂŶ ďĞ ŝŶǀŽůǀĞĚ͕ ĞƐƉĞĐŝĂůůǇ ĨŽƌ
ƐŚĞĚĚŝŶŐďĞƚǁĞĞŶ<>ϭĂŶĚ<>Ϯ͘ƚƉƌĞƐĞŶƚ͕ŝƚŝƐŶŽƚŬŶŽǁŶďǇǁŚŝĐŚĨĂĐƚŽƌƐŽƌĐŽŶĚŝƟŽŶƐ
the shedding of klotho is controlled. Chen et al͘ŚĂǀĞŝŶĚŝĐĂƚĞĚƚŚĞŝŶŇƵĞŶĐĞŽĨŝŶƐƵůŝŶŽŶ
DϭϬĂŶĚϭϳĂŶĚƐƵďƐĞƋƵĞŶƚůǇŬůŽƚŚŽƐŚĞĚĚŝŶŐ;ϯϱͿ͘KŶƚŚĞĐŽŶƚƌĂƌǇ͕ DƐŚĂǀĞ
ŵĂŶǇ ŽƚŚĞƌ ƐƵďƐƚƌĂƚĞƐ͕ ŝŶĐůƵĚŝŶŐ ƚƵŵŽƌ ŶĞĐƌŽƐŝƐ ĨĂĐƚŽƌ ;dE&ͿͲɲ ĂŶĚ ĞƉŝĚĞƌŵĂů ŐƌŽǁƚŚ
ĨĂĐƚŽƌ;'&Ϳ͕ǁŚŝĐŚǁŝůůĂůƐŽďĞĂīĞĐƚĞĚŝĨƚŚĞƐŚĞĚĚŝŶŐĂĐƟǀŝƚǇŽĨƚŚĞƐĞƉƌŽƚĞĂƐĞƐǁŽƵůĚ
ďĞŝŶŇƵĞŶĐĞĚ;ϯϲͿ͘/ŶŽƵƌƐƚƵĚǇ͕ ŵŝĐĞǁĞƌĞŝŶũĞĐƚĞĚŝŶƚƌĂƉĞƌŝƚŽŶĞĂůůǇǁŝƚŚĂďƌŽĂĚDͬ
ŵĂƚƌŝǆ ŵĞƚĂůůŽƉƌŽƚĞŝŶĂƐĞ ;DDWͿ ŝŶŚŝďŝƚŽƌ dE&ϰϴϰ͕ ĂŶĚ ŵŝĐĞ ǁĞƌĞ ƐĂĐƌŝĮĐĞĚ ĂŌĞƌ Ϯϰ
hours (37). Unfortunately, serum soluble klotho levels could not be determined, due to 
ƚŚĞůĂĐŬŽĨĂƌĞůŝĂďůĞƚĞĐŚŶŝƋƵĞƚŽŵĞĂƐƵƌĞƐĞƌƵŵŬůŽƚŚŽůĞǀĞůƐ͘/ŶƵƌŝŶĞ͕ŚŽǁĞǀĞƌ͕ ŬůŽƚŚŽ
levels were not changed. TNF484 was not detected in urine, using reverse-phase high-
ƉĞƌĨŽƌŵĂŶĐĞ ůŝƋƵŝĚ ĐŚƌŽŵĂƚŽŐƌĂƉŚǇ ;,W>Ϳ ;ĚĂƚĂŶŽƚ ƐŚŽǁŶͿ͘ WŽƐƐŝďůǇ dE&ϰϴϰĚŝĚŶŽƚ
ĞŶƚĞƌƚŚĞƚƵďƵůĂƌůƵŵĞŶŽƌǁĂƐƋƵŝĐŬůǇĚĞŐƌĂĚĞĚŝŶƵƌŝŶĞ͕ǁŚŝĐŚǁŽƵůĚĞǆƉůĂŝŶƚŚĞůĂĐŬ
ŽĨĞīĞĐƚŽŶƵƌŝŶĂƌǇŬůŽƚŚŽůĞǀĞůƐ͘,Ƶet al.ŝŶũĞĐƚĞĚŵŝĐĞŝŶƚƌĂƉĞƌŝƚŽŶĞĂůůǇǁŝƚŚĂŶɲͲĂŶĚ
ɴͲƐĞĐƌĞƚĂƐĞ ŝŶŚŝďŝƚŽƌ ĞŝƚŚĞƌ ĂůŽŶĞŽƌ ĐŽŵďŝŶĞĚ͕ ƚŽ ŝŶŚŝďŝƚ ŬůŽƚŚŽ ƐŚĞĚĚŝŶŐ ŝŶ ǀŝǀŽ (32). 
The used ɲͲƐĞĐƌĞƚĂƐĞ ĚŽǆǇĐǇĐůŝŶĞ ŚǇĐůĂƚĞ ŝŶŚŝďŝƚƐDDWͲϮ ĂŶĚ ϵ ;ϯϴͿ͕ ĂŶĚ ɴͲƐĞĐƌĞƚĂƐĞ
ŝŶŚŝďŝƚŽƌ /// ŝŶŚŝďŝƚƐɴͲĂŵǇůŽŝĚƉƌĞĐƵƌƐŽƌƉƌŽƚĞŝŶĐůĞĂǀŝŶŐĞŶǌǇŵĞ ;Ϳ ;ϯϮͿ͘,Ƶet al. 
ĚĞŵŽŶƐƚƌĂƚĞĚĚĞĐƌĞĂƐĞĚƐĞƌƵŵŬůŽƚŚŽůĞǀĞůƐĂŌĞƌϰϴŚŽƵƌƐ͕ƚŚŽƵŐŚƵƌŝŶĞŬůŽƚŚŽůĞǀĞůƐ
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were not determined. Serum PiůĞǀĞůƐǁĞƌĞŶŽƚŵĞĂƐƵƌĞĚŝŶƚŚŝƐƐƚƵĚǇ;ϯϮͿ͘/ŶƚĞƌĞƐƟŶŐůǇ͕ ŝŶ
our animal experiment serum PiůĞǀĞůƐǁĞƌĞƐŝŐŶŝĮĐĂŶƚůǇĚŽǁŶƌĞŐƵůĂƚĞĚŝŶdE&ϰϴϰƚƌĞĂƚĞĚ
ŵŝĐĞ͘ WŽƐƐŝďůǇ ůĞƐƐ ŬůŽƚŚŽǁĂƐ ƐŚĞĚĚ Žī ƚŚĞŵĞŵďƌĂŶĞ͕ ůĞĂĚŝŶŐ ƚŽ ŚŝŐŚĞƌ ĂďƵŶĚĂŶĐĞ
ŽĨ ŵĞŵďƌĂŶĞͲďŽƵŶĚ ŬůŽƚŚŽ͕ ĂŶĚ ƐƵďƐĞƋƵĞŶƚůǇ ŵŽƌĞ &'&Ϯϯ ƐŝŐŶĂůŝŶŐ ŝŶ ƚŚĞ ŬŝĚŶĞǇ͘ 
,ŽǁĞǀĞƌ͕ ŝƚŝƐŝŵƉŽƌƚĂŶƚƚŽŶŽƚĞƚŚĂƚDƐĐůĞĂǀĞĂƌĂŶŐĞŽĨƉƌŽƚĞŝŶƐ͕ĐŽŵƉůŝĐĂƟŶŐƚŚĞ
ŝŶƚĞƌƉƌĞƚĂƟŽŶŽĨƚŚĞŽďƐĞƌǀĞĚƌĞƐƵůƚƐ͕ǁŚŝĐŚŝƐŶŽƚĂƉƌŽǀĞŶĚŝƌĞĐƚŬůŽƚŚŽͲŵĞĚŝĂƚĞĚĞīĞĐƚ͘
To determine the importance of soluble klotho compared to membrane-bound klotho, 
Chen et al. ŝŶĨƵƐĞĚƐŽůƵďůĞŬůŽƚŚŽ ŝŶŵŝĐĞĚĞĮĐŝĞŶƚŽĨŬůŽƚŚŽ;ŬůͬŬůŵŝĐĞͿ ;ϯϵͿ͘dŚĞ ůŝĨĞ
expectancy of these mice was increased by this maneuver with 17% and although kl/kl 
ŵŝĐĞƌĞĐĞŝǀŝŶŐƐŽůƵďůĞŬůŽƚŚŽƐƟůůŚĂĚǀĂƐĐƵůĂƌĐĂůĐŝĮĐĂƟŽŶƐ͕ƚŚŝƐǁĂƐƌĞĚƵĐĞĚĐŽŵƉĂƌĞĚƚŽ
ǀĞŚŝĐůĞͲƚƌĞĂƚĞĚŵŝĐĞ͘dŚŝƐĐŽŶĮƌŵƐƚŚĞƉŽƚĞŶƟĂůƉƌŽƚĞĐƟǀĞƌŽůĞŽĨƐŽůƵďůĞŬůŽƚŚŽĂŐĂŝŶƐƚ
ǀĂƐĐƵůĂƌĐĂůĐŝĮĐĂƟŽŶƐ;ϱ͕ϯϵͿ͘/ŶƚĞƌĞƐƟŶŐůǇ͕ ƵƌŝŶĂƌǇWiĞǆĐƌĞƟŽŶǁĂƐŝŶĐƌĞĂƐĞĚŝŶƐŽůƵďůĞ
klotho treated kl/kl mice compared to vehicle-treated mice. However, due to increased 
ŝŶƚĞƐƟŶĂůWiĂďƐŽƌƉƟŽŶ͕ŬůͬŬůŵŝĐĞƐƟůůƐŚŽǁĞĚŚŝŐŚƐĞƌƵŵWi levels. The increased urinary 
Pi ĞǆĐƌĞƟŽŶ ĐĂŶ ďĞ ĞǆƉůĂŝŶĞĚ ďǇ ƚŚĞ ĂƩĞŶƵĂƟŶŐ ĞīĞĐƚ ŽĨ ƐŽůƵďůĞ ŬůŽƚŚŽ ŽŶ EĂWŝͲ//Ă
ĞǆƉƌĞƐƐŝŽŶŝŶƚŚĞWd;ϯϭͿ͘ŶŽƚŚĞƌƉŽƐƐŝďůĞĞǆƉůĂŶĂƟŽŶŝƐƌĞĐĞƉƚŽƌĐŽŵƉůĞǆĨŽƌŵĂƟŽŶŽĨ
ƐŽůƵďůĞŬůŽƚŚŽǁŝƚŚƚŚĞ&'&ZĨŽƌ&'&ϮϯƐŝŐŶĂůŝŶŐ͘ůƚŚŽƵŐŚ&ĂƌƌŽǁet al. demonstrated 
ƚŚĞƌĞƋƵŝƌĞŵĞŶƚŽĨŵĞŵďƌĂŶĞŬůŽƚŚŽĨŽƌ&'&ϮϯƐŝŐŶĂůŝŶŐ;ϭϮͿ͕ŽƚŚĞƌŐƌŽƵƉƐŚĂǀĞƐŚŽǁŶ
&'&ϮϯƐŝŐŶĂůŝŶŐǁŝƚŚƐŽůƵďůĞŬůŽƚŚŽĂƐĐŽͲĨĂĐƚŽƌŽĨƚŚĞƌĞĐĞƉƚŽƌĐŽŵƉůĞǆ;ϰϬͲϰϮͿ͘
&'&ϮϯͬŬůŽƚŚŽƌĞŶĂůƐŝŐŶĂůŝŶŐƉĂƌĂĚŽǆ
Several hypotheses exist concerning the paradox of predominant klotho expression in 
ƚŚĞd͕ ǁŚĞƌĞĂƐ ƚŚĞďŝŽůŽŐŝĐĂů ƌĞƐƉŽŶƐĞƐŽĨ &'&Ϯϯ ĂƌĞ ŝŶ ĂŶŽƚŚĞƌ ƚƵďƵůĞ ĨƌĂŐŵĞŶƚ͕
ŶĂŵĞůǇƚŚĞWd;&ŝŐƵƌĞϯͿ͘dŚĞĮƌƐƚŚǇƉŽƚŚĞƐŝƐŝƐƚŚĞƐŝŵƉůĞƐƚŽŶĞ͕ǁŚĞƌĞ&'&ϮϯƐŝŐŶĂůƐ
ŝŶĂŬůŽƚŚŽͲŝŶĚĞƉĞŶĚĞŶƚŵĂŶŶĞƌ͘ ƐĚĞƐĐƌŝďĞĚƉƌĞǀŝŽƵƐůǇ͕ ƚŚŝƐŝƐŽďƐĞƌǀĞĚŝŶƉĂƌĂƚŚǇƌŽŝĚ
ŐůĂŶĚƐĂŶĚŚĞĂƌƚ;ϭϲ͕ϭϳͿ͘,ŽǁĞǀĞƌ͕ ŝŶƚƌĂƉĞƌŝƚŽŶĞĂůůǇŝŶũĞĐƟŽŶŽĨ&'&ϮϯŝŶŬůŽƚŚŽ<KŵŝĐĞ
ĚŝĚŶŽƚĂīĞĐƚƐĞƌƵŵWiůĞǀĞůƐ;ϮϲͿ͘DŽƌĞŽǀĞƌ͕ ŬŝĚŶĞǇͲƐƉĞĐŝĮĐŬůŽƚŚŽ<KŵŝĐĞĚŝƐƉůĂǇĞĚ
hyperphosphatemia and elevated serum vitamin D levels, similar as total klotho KO 
ŵŝĐĞ͕ ŝŶĚŝĐĂƟŶŐƚŚĞŶĞĐĞƐƐŝƚǇŽĨŬůŽƚŚŽĂƐŽďůŝŐĂƚĞĨĂĐƚŽƌ ŝŶƚŚĞŬŝĚŶĞǇ;dĂďůĞϭͿ;ϰϯͿ͘
ŶŽƚŚĞƌŚǇƉŽƚŚĞƐŝƐ ŝŶĐůƵĚĞƐĂƌĞĐĞƉƚŽƌĐŽŵƉůĞǆĨŽƌŵĂƟŽŶŽĨƐŽůƵďůĞŬůŽƚŚŽǁŝƚŚƚŚĞ
&'&Z ĨŽƌ&'&ϮϯƐŝŐŶĂůŝŶŐ ŝŶ ƚŚĞWd͘ ƚƉƌĞƐĞŶƚ͕ ŝƚ ŝƐƵŶĐůĞĂƌǁŚĞƚŚĞƌ ƚŚĞ&'&ZͲŬůŽƚŚŽ
ĐŽŵƉůĞǆŝƐĂůƌĞĂĚǇĨŽƌŵĞĚŝŶƚŚĞĞŶĚŽƉůĂƐŵĂƟĐƌĞƟĐƵůƵŵ͕ŽƌĂƚƚŚĞƉůĂƐŵĂŵĞŵďƌĂŶĞ͘
ĚŵŝŶŝƐƚƌĂƟŽŶŽĨƐŽůƵďůĞŬůŽƚŚŽƚŽŬůͬŬůŵŝĐĞŝŶĐƌĞĂƐĞĚƵƌŝŶĂƌǇWiĞǆĐƌĞƟŽŶ͕ƚŚŽƵŐŚƚŚŝƐ
ĐŽƵůĚĂůƐŽŚĂǀĞŽƚŚĞƌĞǆƉůĂŶĂƟŽŶƐĂƐĚĞƐĐƌŝďĞĚĂďŽǀĞ͘/ŶĂĚĚŝƟŽŶ͕ŬŝĚŶĞǇͲƐƉĞĐŝĮĐŬůŽƚŚŽ
<KŵŝĐĞƐŚŽǁĞĚŚǇƉĞƌƉŚŽƐƉĂƚĞŵŝĂĂŶĚŚŝŐŚƐĞƌƵŵǀŝƚĂŵŝŶ ůĞǀĞůƐ͕ĂůƚŚŽƵŐŚΕϮϬй
ƐŽůƵďůĞŬůŽƚŚŽŝƐůĞŌŝŶƚŚĞƐĞŵŝĐĞ;ϰϯͿ͘dŚĞƐĞĞǆĂŵƉůĞƐƐƵŐŐĞƐƚƚŚĂƚŝĨƐŽůƵďůĞŬůŽƚŚŽŝƐ
ĂďůĞƚŽĨŽƌŵĂƌĞĐĞƉƚŽƌĐŽŵƉůĞǆ͕ƚŚĞƌŽůĞŝŶ&'&ϮϯƐŝŐŶĂůŝŶŐǁŝůůŶŽƚďĞƐŝŐŶŝĮĐĂŶƚ͘
ŶĂůƚĞƌŶĂƟǀĞƉŽƐƐŝďŝůŝƚǇĨŽƌƚŚĞ&'&ϮϯƐŝŐŶĂůŝŶŐƉĂƌĂĚŽǆŝƐƚŚĞŽĐĐƵƌƌĞŶĐĞŽĨƐŵĂůůĂŵŽƵŶƚƐ
of klotho in the PT. Several groups, including ours, cannot demonstrate the presence of klotho 
in the PT using immunohistochemistry (44). On the contrary, others were able to detect 
ůŽǁ ůĞǀĞůƐŽĨŬůŽƚŚŽ ŝŶƚŚĞWdƵƐŝŶŐƌĞĂůͲƟŵĞWZĂŶĚ ŝŵŵƵŶŽŚŝƐƚŽĐŚĞŵŝƐƚƌǇ ;ϯϭ͕ϰϱ͕ϰϲͿ͘
WŽƐƐŝďůǇƚŚĞƌĞŝƐǀĞƌǇůŽǁŬůŽƚŚŽĞǆƉƌĞƐƐŝŽŶ͕ǁŚŝĐŚŝƐĞŶŽƵŐŚĨŽƌ&'&ϮϯƐŝŐŶĂůŝŶŐ͕ďƵƚŝƐŶŽƚ
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Chapter 7
&ŝŐƵƌĞ ϯ ͮ dŚĞ ĚŝīĞƌĞŶƚ ŚǇƉŽƚŚĞƐĞƐ ĐŽŶĐĞƌŶŝŶŐ ƚŚĞ &'&Ϯϯ ƐŝŐŶĂůŝŶŐ ƉĂƌĂĚŽǆ͘ ZĞŶĂů &'&Ϯϯ ƐŝŐŶĂůŝŶŐ
results in decreased expression of the Na+/PiĐŽͲƚƌĂŶƐƉŽƌƚĞƌƐEĂWŝͲ//ĂͬĐŽŶƚŚĞĂƉŝĐĂůƉůĂƐŵĂŵĞŵďƌĂŶĞ
ĂŶĚĂīĞĐƟŶŐƚŚĞǀŝƚĂŵŝŶŵĞƚĂďŽůŝĐĞŶǌǇŵĞƐǇƉϮϳďϭĂŶĚǇƉϮϰĂϭ͘dŚĞƐĞďŝŽůŽŐŝĐĂůĞīĞĐƚƐŽĨ&'&Ϯϯ
ƐŝŐŶĂůŝŶŐ ŽĐĐƵƌ ŝŶ ƚŚĞ ƉƌŽǆŝŵĂů ƚƵďƵůĞ͘ dŚĞ ĐŽͲƌĞĐĞƉƚŽƌ ĨŽƌ &'&Ϯϯ ƐŝŐŶĂůŝŶŐ͕ ŬůŽƚŚŽ͕ ŝƐ ƉƌĞĚŽŵŝŶĂŶƚůǇ
ĞǆƉƌĞƐƐĞĚŝŶƚŚĞĚŝƐƚĂůĐŽŶǀŽůƵƚĞĚƚƵďƵůĞ͘dŚŝƐĮŐƵƌĞƐŚŽǁƐƚŚĞĚŝīĞƌĞŶƚŚǇƉŽƚŚĞƐĞƐŽĨƚŚŝƐƉĂƌĂĚŽǆ͘;A) 
<ůŽƚŚŽͲŝŶĚĞƉĞŶĚĞŶƚ&'&ϮϯƐŝŐŶĂůŝŶŐŝŶƚŚĞƉƌŽǆŝŵĂůƚƵďƵůĞ͘;BͿ^ŽůƵďůĞŬůŽƚŚŽĂƐĐŽͲƌĞĐĞƉƚŽƌĨŽƌ&'&Ϯϯ
signaling in the proximal tubule. (C) The presence of small amounts of klotho in the proximal tubule. (D) 
/ŶŝƟĂů&'&ϮϯƐŝŐŶĂůŝŶŐŽĐĐƵƌƌŝŶŐŝŶƚŚĞĚŝƐƚĂůĐŽŶǀŽůƵƚĞĚƚƵďƵůĞ͕ĨŽůůŽǁĞĚďǇĂĚŝƐƚĂůͲƚŽͲƉƌŽǆŝŵĂůƚƵďƵůĂƌ
ĨĞĞĚďĂĐŬŵĞĐŚĂŶŝƐŵ͘^ĞĞƚĞǆƚĨŽƌĂŵŽƌĞĚĞƚĂŝůĞĚĞǆƉůĂŶĂƟŽŶ͘
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;ĂůǁĂǇƐͿĚĞƚĞĐƚĂďůĞ͘/ĨƚŚŝƐŚǇƉŽƚŚĞƐŝƐŝƐĐŽƌƌĞĐƚ͕ƚŚĞƌĞĂƐŽŶĨŽƌƚŚĞŚŝŐŚŬůŽƚŚŽĂďƵŶĚĂŶĐĞ
ŝŶ ƐƉĞĐŝĮĐĂůůǇ ƚŚĞ dͬĐŽŶŶĞĐƟŶŐ ƚƵďƵůĞ ;EdͿ ƐŚŽƵůĚ ďĞ ŝŶǀĞƐƟŐĂƚĞĚ ŝŶ ŵŽƌĞ ĚĞƚĂŝů͘
ŶĚƌƵŬŚŽǀĂet al. ŚĂǀĞĚĞŵŽŶƐƚƌĂƚĞĚĂĚŝƌĞĐƚ ĞīĞĐƚŽĨ &'&ϮϯŽŶ ƚŚĞdZWsϱĞǆƉƌĞƐƐŝŽŶ
in DCT/CNT and also our results described in chapter 2ƐŚŽǁĂŶŝŶĐƌĞĂƐĞŽĨdZWsϱŵZE
ĞǆƉƌĞƐƐŝŽŶ ĂŌĞƌ ŝŶƚƌĂǀĞŶŽƵƐ &'&Ϯϯ ŝŶũĞĐƟŽŶ ;ϰϳͿ͘ ŶŽƚŚĞƌ ŝŵƉůŝĐĂƟŽŶ ŝƐ Ă ĚŝƌĞĐƚ &'&Ϯϯ
ƐŝŐŶĂůŝŶŐĞīĞĐƚŽŶƚŚĞƌĞŶĂůEĂ+/chloride (Cl-) co-transporter NCC, where it increases the 
plasma membrane abundance of NCC, leading to volume expansion and hypertension (48). 
dŚĞ ůĂƐƚŚǇƉŽƚŚĞƐŝƐ ŝƐĂ ͞ĚŝƐƚĂůͲƚŽͲƉƌŽǆŝŵĂů ƚƵďƵůĂƌ ĨĞĞĚďĂĐŬŵĞĐŚĂŶŝƐŵ͘͟  /ŶŝƟĂů ƐŝŐŶĂůŝŶŐ
occurs in the DCT and paracrine signals from the distal tubule communicate with the PT, 
due to the close proximity between both tubules (14,49). Farrow et al. have observed that 
ĂŌĞƌ ŝŶƚƌĂǀĞŶŽƵƐ &'&Ϯϯ ŝŶũĞĐƟŽŶ͕ Z<ϭͬϮ ƉŚŽƐƉŚŽƌǇůĂƟŽŶ ŽĐĐƵƌƐ ĮƌƐƚ ŝŶ ƚŚĞ d ;ϭϮͿ͕
ĂŶĚZ<ϭͬϮƉŚŽƐƉŚŽƌǇůĂƟŽŶŝƐŶĞĐĞƐƐĂƌǇĨŽƌďŽƚŚƚŚĞƉŚŽƐƉŚĂƚƵƌŝĐĂŶĚĚĞĐƌĞĂƐĞĚƐĞƌƵŵ
ǀŝƚĂŵŝŶĞīĞĐƚ;ϱϬͿ͘tŚŝĐŚƉĂƌĂĐƌŝŶĞĨĂĐƚŽƌŝƐŝŶǀŽůǀĞĚ͕ƌĞŵĂŝŶƐƵŶŬŶŽǁŶ͘dͲƐƉĞĐŝĮĐ
klotho KO mice model could clarify this hypothesis. Olauson et al.ŐĞŶĞƌĂƚĞĚĂdͲƐƉĞĐŝĮĐ
ƉĂƌƟĂůĚĞůĞƚĞĚŬůŽƚŚŽŵŽƵƐĞ͕ǁŚŝĐŚŚĂƐĚŝīĞƌĞŶƚĂŵŽƵŶƚƐŽĨŬůŽƚŚŽĞǆƉƌĞƐƐĞĚŝŶƚŚĞd
;ϰϲͿ͘ dŚĞƐĞŵŝĐĞ ƉƌĞƐĞŶƚĞĚǁŝƚŚ ŚŝŐŚ ƐĞƌƵŵ &'&Ϯϯ ůĞǀĞůƐ ĂŶĚ ŚǇƉĞƌƉŚŽƐƉŚĂƚĞŵŝĂ ;ϰϲͿ͘
/ŶƚĞƌĞƐƟŶŐůǇ͕ ƐĞƌƵŵǀŝƚĂŵŝŶůĞǀĞůƐǁĞƌĞŶŽƌŵĂů͕ǁŚŝĐŚŝƐŝŶĐŽŶƚƌĂƐƚƚŽƚŚĞŬŝĚŶĞǇͲƐƉĞĐŝĮĐ
klotho KO mice, where serum vitamin D levels were increased (Table 1) (43,46). This suggests 
ƚŚĂƚ ƚŚĞ &'&ϮϯͲŝŶĚƵĐĞĚ ƉŚŽƐƉŚĂƚƵƌŝĐ ĞīĞĐƚ ŽĐĐƵƌƐ ŝŶ ƚŚĞ d͕  ǁŚĞƌĞĂƐ ƚŚĞ ĚĞĐƌĞĂƐŝŶŐ
ƐĞƌƵŵǀŝƚĂŵŝŶĞīĞĐƚŵŝŐŚƚďĞŝŶƚŚĞWd͕ ĐŽŶĮƌŵŝŶŐĂƉŽƚĞŶƟĂůĚŝǀĞƌƐŝŽŶŽĨďŽƚŚ&'&Ϯϯ
signaling pathways. On the contrary, Han et al.ŝŶǀĞƐƟŐĂƚĞĚWdͲƐƉĞĐŝĮĐ&'&ZϭĂƐǁĞůůĂƐdͲ
ƐƉĞĐŝĮĐ&'&Zϭ<KŵŝĐĞ;ϱϭͿ͘dͲƐƉĞĐŝĮĐ&'&Zϭ<KŵŝĐĞǁĞƌĞƐƟůůĂďůĞƚŽĚĞĐƌĞĂƐĞƐĞƌƵŵ
PiĂŌĞƌŝŶƚƌĂƉĞƌŝƚŽŶĞĂů&'&ϮϯŝŶũĞĐƟŽŶ͕ǁŚŝůĞƐĞƌƵŵWiǁĂƐŶŽƚĂīĞĐƚĞĚŝŶWdͲƐƉĞĐŝĮĐ&'&Zϭ
<KŵŝĐĞ͕ƐƵŐŐĞƐƟŶŐĂWdƌĞŐƵůĂƟŶŐƉŚŽƐƉŚĂƚƵƌŝĐĞīĞĐƚ͘^ĞƌƵŵǀŝƚĂŵŝŶůĞǀĞůƐǁĞƌĞŶŽƚ
ĐŚĂŶŐĞĚŝŶďŽƚŚ&'&ZϭĚĞůĞƚĞĚŵŽĚĞůƐĂŌĞƌ&'&ϮϯƚƌĞĂƚŵĞŶƚ͕ƚŚŽƵŐŚƌĞŶĂůǇƉϮϳďϭŵZE
expression was ĚĞĐƌĞĂƐĞĚ;ϱϭͿ͘WƌŽďĂďůǇŵƵůƟƉůĞŵĞĐŚĂŶŝƐŵƐĂƌĞŽƉĞƌĂƟŽŶĂůĂƚƚŚĞƐĂŵĞ
ƟŵĞ͕ĞǆƉůĂŝŶŝŶŐƚŚĞ&'&ϮϯƐŝŐŶĂůŝŶŐƉĂƌĂĚŽǆĂŶĚƚŚĞĐŽŶŇŝĐƟŶŐƐƚƵĚŝĞƐ͘ 
dĂďůĞϭͮKǀĞƌǀŝĞǁŽĨƚŚĞĂ2+ and PiŚŽŵĞŽƐƚĂƐŝƐĂŶĚƌĞŐƵůĂƟŶŐŚŽƌŵŽŶĞƐŝŶƚŚƌĞĞĚŝīĞƌĞŶƚŬůŽƚŚŽ
KO mice models
Serum 
Ca2+
Urine 
Ca2+
Serum 
Pi
Urine Pi
Serum 
FGF23
Serum 
vitamin D
Serum 
PTH
Ref
Global klotho KO ј ј ј = ј ј љ (25,52)
<ŝĚŶĞǇͲƐƉĞĐŝĮĐ
klotho KO
ј ј ј = ј ј љ (43)
dͲƐƉĞĐŝĮĐ
ƉĂƌƟĂůĚĞůĞƚĞĚ
klotho
= ј ј = ј = љ (46)
ƌƌŽǁƵƉŽƌĚŽǁŶŝŶĚŝĐĂƚĞƐƐŝŐŶŝĮĐĂŶƚŚŝŐŚĞƌŽƌůŽǁĞƌĐŽŵƉĂƌĞĚƚŽǁŝůĚƚǇƉĞŵŝĐĞ͘hƌŝŶĞǁĂƐĐŽůůĞĐƚĞĚǀŝĂ
ŵĞƚĂďŽůŝĐĐĂŐĞƐĂŶĚŝŶĚŝĐĂƚĞƐĞǆĐƌĞƟŽŶͬϮϰŚŝŶƚŚĞŐůŽďĂůŬůŽƚŚŽ<KŵŽƵƐĞ͘&ŽƌƚŚĞŬŝĚŶĞǇͲƐƉĞĐŝĮĐŬůŽƚŚŽ
<KĂŶĚdͲƐƉĞĐŝĮĐƉĂƌƟĂůĚĞůĞƚĞĚŬůŽƚŚŽŵŽƵƐĞƵƌŝŶĂƌǇĂ2+ͬĐƌĞĂƟŶŝŶĞĂŶĚWiͬĐƌĞĂƟŶŝŶĞƌĂƟŽƐǁĞƌĞƵƐĞĚ͘
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dŚĞ ĂǁĂƌĞŶĞƐƐ ŽĨ ŬůŽƚŚŽ ĚĞĮĐŝĞŶĐǇ ĂƐ ĂŶ ŝŵƉŽƌƚĂŶƚ ƌŝƐŬ ĨĂĐƚŽƌ ŝŶ ƚŚĞ ĚĞǀĞůŽƉŵĞŶƚ
ŽĨ<ĂŶĚŽƚŚĞƌŵŽƌďŝĚŝƟĞƐ ŝƐ ŝŶĐƌĞĂƐŝŶŐ;ϱͿ͘dŚĞĚŝīĞƌĞŶĐĞǁŝƚŚĐƵƌƌĞŶƚůǇĂǀĂŝůĂďůĞ
ďŝŽŵĂƌŬĞƌƐĨŽƌ<͕ŝŶĐůƵĚŝŶŐĐƌĞĂƟŶŝŶĞĂŶĚƵƌĞĂ͕ŝƐƚŚĞĚŝƐĞĂƐĞͲƉƌĞǀĞŶƟǀĞĨĞĂƚƵƌĞƐŽĨ
ŬůŽƚŚŽ͘^ ŽůƵďůĞŬůŽƚŚŽĐĂŶďĞĂƐĞŶƐŝƟǀĞŵĂƌŬĞƌĨŽƌ<ĚĞǀĞůŽƉŵĞŶƚĂŶĚͬŽƌƉƌŽŐƌĞƐƐŝŽŶ͕
since a decrease in urinary klotho was already observed in stage 1 (5). These preliminary 
ĚĂƚĂƐƵŐŐĞƐƚƚŚĂƚŬůŽƚŚŽŵŝŐŚƚďĞĂŵŽƌĞƐĞŶƐŝƟǀĞ<ďŝŽŵĂƌŬĞƌƚŚĂŶƐĞƌƵŵ&'&Ϯϯ
levels, which start increasing from CKD stage 2 and onwards (53,54). Therefore, it is 
ĞƐƐĞŶƟĂůƚŽŚĂǀĞĂƌĞůŝĂďůĞĂƐƐĂǇƚŽŵĞĂƐƵƌĞƐĞƌƵŵĂŶĚƵƌŝŶĂƌǇŬůŽƚŚŽůĞǀĞůƐ͘^ĞǀĞƌĂů
ŚƵŵĂŶŬůŽƚŚŽĞŶǌǇŵĞͲůŝŶŬĞĚŝŵŵƵŶŽƐŽƌďĂŶƚĂƐƐĂǇƐ;>/^ͿĂƌĞĐŽŵŵĞƌĐŝĂůůǇĂǀĂŝůĂďůĞ͕
ŚŽǁĞǀĞƌ͕ ƚŚĞƐĞƉƌŽǀŝĚĞǀĂƌŝĂďůĞƌĞƐƵůƚƐĂŶĚĂƌĞŽĨŝŶƐƵĸĐŝĞŶƚƋƵĂůŝƚǇ;ϱϱͿ͘/Ŷchapter 4 
ƚŚĞĮƌƐƚƐƚĞƉƐƚŽǁĂƌĚƐƚŚĞŐĞŶĞƌĂƟŽŶŽĨĂƌĞůŝĂďůĞŚƵŵĂŶŬůŽƚŚŽ>/^ĂƌĞĚĞƐĐƌŝďĞĚ͘dŽ
ŝŵƉƌŽǀĞƐƉĞĐŝĮĐŝƚǇĂŶĚƚŽďĞĂďůĞƚŽĚŝƐƟŶŐƵŝƐŚďĞƚǁĞĞŶĚĞƚĞĐƟŽŶŽĨĨƵůůͲůĞŶŐƚŚŬůŽƚŚŽ͕
<>ϭŽƌ<>Ϯ͕ƚǁŽĂŶƟďŽĚŝĞƐĂƌĞĚŝƌĞĐƚĞĚĂŐĂŝŶƐƚŬůŽƚŚŽŝŶƚŚĞƚǁŽͲƐŝƚĞ>/^ĨŽƌŵĂƚ͘dŽ
ŐĞŶĞƌĂƚĞƚŚĞĂŶƟͲŬůŽƚŚŽĂŶƟďŽĚŝĞƐ͕ƉĞƉƟĚĞƐǁĞƌĞďĂƐĞĚƐƉĞĐŝĮĐĂůůǇŽŶƚŚĞ<>ϭŽƌ<>Ϯ
ĚŽŵĂŝŶ͘dŚĞƉƌŽĚƵĐƟŽŶŽĨĂŬůŽƚŚŽ>/^ƵƐŝŶŐƚŚĞƐĞƉĞƉƟĚĞͲďĂƐĞĚĂŶƟďŽĚŝĞƐƉƌŽǀĞĚ
ĐŽŵƉůŝĐĂƚĞĚ͕ƉŽƐƐŝďůǇĚƵĞƚŽĞƉŝƚŽƉĞŚŝĚŝŶŐŝŶƚŚĞƋƵĂƚĞƌŶĂƌǇƉƌŽƚĞŝŶƐƚƌƵĐƚƵƌĞ͘&ŝŶĂůůǇ͕ 
ĂŶƟďŽĚŝĞƐǁĞƌĞŐĞŶĞƌĂƚĞĚƵƐŝŶŐ ƌĞĐŽŵďŝŶĂŶƚŚƵŵĂŶŬůŽƚŚŽĂƐ ŝŵŵƵŶŽŐĞŶĂŶĚ ƚŚŝƐ
ĐŽŵďŝŶĂƟŽŶƌĞƐƵůƚĞĚŝŶƚŚĞŵŽƐƚƐĞŶƐŝƟǀĞƚǁŽͲƐŝƚĞŬůŽƚŚŽ>/^͘^ƵďƐĞƋƵĞŶƚůǇ͕ ŬůŽƚŚŽ
was measured in urine samples of healthy controls, and correlated with immunoblot 
ƌĞƐƵůƚƐ͘ hŶĨŽƌƚƵŶĂƚĞůǇ͕  ƚŚŝƐ ĂŶƟďŽĚǇ ĐŽŵďŝŶĂƟŽŶ ĐŽƵůĚ ŶŽƚ ĚŝƐĐƌŝŵŝŶĂƚĞ ďĞƚǁĞĞŶ
ƚŚĞ ĚŝīĞƌĞŶƚ ŬůŽƚŚŽ ĨƌĂŐŵĞŶƚƐ͘ /Ŷ ƚŚĞ ĨƵƚƵƌĞ͕ ƚŚŝƐ ƉƌŽďůĞŵ ĐĂŶ ďĞ ƌĞƐŽůǀĞĚ ďǇŵĂƐƐ
spectrometry, which will limit the applicability in the clinic or large cohort studies. 
ŶŽƚŚĞƌŝŵƉŽƌƚĂŶƚĨĂĐƚŽƌŝŶŵĞĂƐƵƌŝŶŐƐĞƌƵŵŽƌƵƌŝŶĂƌǇŬůŽƚŚŽůĞǀĞůƐŝƐƚŚĞƐƚĂďŝůŝƚǇŽĨ
klotho. Several studies, including ours, described in chapter 4͕ŚĂǀĞƐŚŽǁŶƚŚĞŶĞŐĂƟǀĞ
ŝŶŇƵĞŶĐĞ ŽĨ ĨƌĞĞǌŝŶŐ ĂŶĚ ƐƵďƐĞƋƵĞŶƚ ƚŚĂǁŝŶŐ ŽŶ ŬůŽƚŚŽ ŵĞĂƐƵƌĞŵĞŶƚƐ ƵƐŝŶŐ >/^
ƚĞĐŚŶŝƋƵĞ ;ϱϲ͕ϱϳͿ͘DŽƌĞŽǀĞƌ͕ ŬůŽƚŚŽ ŝŶ ƐĞƌƵŵŽĨ<ƉĂƟĞŶƚƐĚĞŐƌĂĚĞƐŵŽƌĞ ƌĂƉŝĚůǇ
ĐŽŵƉĂƌĞĚƚŽŚĞĂůƚŚǇĐŽŶƚƌŽůƐ͕ďƵƚƚŚĞĂĚĚŝƟŽŶŽĨƉƌŽƚĞĂƐĞŝŶŚŝďŝƚŽƌƐƐůŽǁĞĚĚŽǁŶƚŚŝƐ
ƉƌŽĐĞƐƐ ;ϱϲͿ͘ dŚĞƌĞĨŽƌĞ͕ ƚŚĞ ŝŶŇƵĞŶĐĞŽĨƵƌĞŵŝĐ ƚŽǆŝŶƐĂŶĚŽƚŚĞƌ ĨĂĐƚŽƌƐ͕ ƐƵĐŚĂƐƉ,
ĂŶĚĞŶǌǇŵĞƐƚŚĂƚĚĞŐƌĂĚĞŬůŽƚŚŽ͕ƐŚŽƵůĚďĞƐƚƵĚŝĞĚ͕ƚŽƉŽƐƐŝďůǇĮŶĚĂƉŚĂƌŵĂĐŽůŽŐŝĐĂů
ƚƌĞĂƚŵĞŶƚƚŽĐŽƵŶƚĞƌĂĐƚƚŚĞŝŶĐƌĞĂƐĞĚďƌĞĂŬĚŽǁŶŽĨƐŽůƵďůĞŬůŽƚŚŽ͘ĂƌŬĞƌet al. recently 
ƉƵďůŝƐŚĞĚĂŶŝŵŵƵŶŽƉƌĞĐŝƉŝƚĂƟŽŶͲŝŵŵƵŶŽďůŽƚ;/WͲ/ͿĂƐƐĂǇƚŽĚĞƚĞĐƚŬůŽƚŚŽŝŶƐĞƌƵŵ
ĂŶĚƵƌŝŶĞ;ϱϲͿ͘dŚĞĂƵƚŚŽƌƐƵƐĞĚĂƐǇŶƚŚĞƟĐĂŶƟďŽĚǇ͕ ǁŚŝĐŚƌĞĐŽŐŶŝǌĞĚƚŚĞŶĂƟǀĞĨŽƌŵ
ŽĨŬůŽƚŚŽ͘dŚĞĂĚǀĂŶƚĂŐĞŽĨƐǇŶƚŚĞƟĐĂŶƟďŽĚŝĞƐĂďŽǀĞĂŶŝŵĂůŐĞŶĞƌĂƚĞĚĂŶƟďŽĚŝĞƐŝƐ
the ŝŶǀŝƚƌŽƉƌŽĚƵĐƟŽŶ͕ƐŽĂŶƟďŽĚŝĞƐĂƌĞŶŽƚƐƵďũĞĐƚĞĚƚŽƚŽůĞƌĂŶĐĞƐĞůĞĐƟŽŶƚŽƌĞŵŽǀĞ
ƐĞůĨͲƌĞĂĐƟǀĞĂŶƟďŽĚŝĞƐ͕ĂŶĚŝƚƌĞĚƵĐĞƐĂŶŝŵĂůƵƐĞ;ϱϲͿ͘dŚŝƐĂŶƟďŽĚǇĐĂŶďĞƐƵŝƚĂďůĞƚŽ
ŐĞŶĞƌĂƚĞĂŬůŽƚŚŽ>/^͘hŶƟůŶŽǁ͕ƚŚĞ/WͲ/ĂƐƐĂǇŝƐƚŚĞďĞƐƚŽƉƟŽŶƚŽŵĞĂƐƵƌĞƐĞƌƵŵ
ŬůŽƚŚŽůĞǀĞůƐ͕ƐŝŶĐĞůŝŬĞůǇŶŽĐƌŽƐƐͲƌĞĂĐƟǀĞƉƌŽƚĞŝŶƐĂƌĞŵĞĂƐƵƌĞĚǁŝƚŚƚŚŝƐĂƐƐĂǇ͘dŚŝƐŝƐ
ŵŽƌĞĚŝĸĐƵůƚƚŽĂƐĐĞƌƚĂŝŶǁŚĞŶƵƐŝŶŐ>/^ĂƐƐĂǇƐ͘,ŽǁĞǀĞƌ͕ ŵŽƐƚĚĂƚĂŽŶŬůŽƚŚŽůĞǀĞůƐ
ŝŶƚŚĞůŝƚĞƌĂƚƵƌĞŝƐďĂƐĞĚŽŶƚŚĞĂǀĂŝůĂďůĞŬůŽƚŚŽ>/^ĂƐƐĂǇƐ͕ĂŶĚƚŚĞƌĞĨŽƌĞƚŚŝƐƐŚŽƵůĚ
ďĞŝŶƚĞƌƉƌĞƚĞĚǁŝƚŚĐĂƵƟŽŶ;ϱϱ͕ϱϲͿ͘
145
General discussion and summary 
7
ŶŽƚŚĞƌŶŽŶͲŝŶǀĂƐŝǀĞǁĂǇƚŽŝŶǀĞƐƟŐĂƚĞƌĞŶĂůŬůŽƚŚŽůĞǀĞůƐŝƐŝŶƵƌŝŶĂƌǇĞǆŽƐŽŵĞƐ͘dŚĞƐĞ
ϰϬͲϭϬϬŶŵǀĞƐŝĐůĞƐĂƌĞĞǆĐƌĞƚĞĚŝŶŵĂŶǇŇƵŝĚƐ͕ŝŶĐůƵĚŝŶŐƵƌŝŶĞ͘dŚĞǇŽƌŝŐŝŶĂƚĞĂƐŝŶƚĞƌŶĂů
ǀĞƐŝĐůĞƐŝŶŵƵůƟǀĞƐŝĐƵůĂƌďŽĚŝĞƐĨƌŽŵĞǀĞƌǇƌĞŶĂůĞƉŝƚŚĞůŝĂůĐĞůůĂŶĚĂƌĞƌĞůĞĂƐĞĚŝŶƵƌŝŶĞ
ǁŚĞŶƚŚĞŵĞŵďƌĂŶĞŽĨƚŚĞŵƵůƟǀĞƐŝĐƵůĂƌďŽĚŝĞƐĨƵƐĞƐǁŝƚŚƚŚĞĂƉŝĐĂůƉůĂƐŵĂŵĞŵďƌĂŶĞ
ŽĨƚŚĞĞƉŝƚŚĞůŝĂůĐĞůů͘'ŽŶǌĂůĞƐet al. have shown the presence of klotho in urinary exosomes, 
ǁŚŝĐŚǁĂƐĐŽŶĮƌŵĞĚ ŝŶŽƵƌ ůĂďŽƌĂƚŽƌǇ ;ĚĂƚĂŶŽƚƐŚŽǁŶͿ ;ϱϴͿ͘ůƚŚŽƵŐŚƚŚŝƐŵĞƚŚŽĚ ŝƐ
ůĂďŽƌŝŽƵƐ͕ŝƚŵŝŐŚƚŐŝǀĞĂŶĂĚĞƋƵĂƚĞĞƐƟŵĂƟŽŶŽĨƚŚĞĂŵŽƵŶƚŽĨŬůŽƚŚŽŝŶƚŚĞŬŝĚŶĞǇ͘
Klotho in renal calcium homeostasis
Ɛ ĚĞƐĐƌŝďĞĚ ĞĂƌůŝĞƌ͕  ƚŚĞ ŬůŽƚŚŽ <K ŵŽƵƐĞ ĚŝƐƉůĂǇƐ ŚǇƉĞƌĐĂůĐĞŵŝĂ ĂŶĚ ŚǇƉĞƌĐĂůĐŝƵƌŝĂ
;Ϯϱ͕ϱϮͿ͘ůĞǆĂŶĚĞƌet al.ŝŶǀĞƐƟŐĂƚĞĚŝĨƚŚĞŚǇƉĞƌĐĂůĐĞŵŝĂĂŶĚŚǇƉĞƌĐĂůĐŝƵƌŝĂǁĞƌĞĂĚŝƌĞĐƚ
ĞīĞĐƚŽĨŬůŽƚŚŽĚĞĮĐŝĞŶĐǇŽƌĂƐĞĐŽŶĚĂƌǇĞīĞĐƚĚƵĞƚŽŝŶĐƌĞĂƐĞĚƐĞƌƵŵǀŝƚĂŵŝŶŽƌĂ2+ 
levels (52). Klotho KO mice were administered a low Ca2+, Pi, and vitamin D rescue diet, which 
indeed reduced serum Ca2+ ĂŶĚǀŝƚĂŵŝŶ ůĞǀĞůƐ͘ /ŶƚĞƌĞƐƟŶŐůǇ͕  ŚǇƉĞƌĐĂůĐŝƵƌŝĂƉĞƌƐŝƐƚĞĚ͕
ŝŶĚŝĐĂƟŶŐ ƚŚĞ ŝŵƉŽƌƚĂŶƚ ƌŽůĞŽĨ ŬůŽƚŚŽ ŝŶ ƌĞŶĂůĂ2+ ŚĂŶĚůŝŶŐ͕ƉƌŽďĂďůǇ ǀŝĂdZWsϱ ;ϱϮͿ͘
ƐĂůƌĞĂĚǇĚĞƐĐƌŝďĞĚŝŶchapter 1͕ƉůĂƐŵĂŵĞŵďƌĂŶĞĂďƵŶĚĂŶĐĞŽĨdZWsϱŝƐĂĚǇŶĂŵŝĐ
ƉƌŽĐĞƐƐĂŶĚŬůŽƚŚŽĐĂŶƌĞƚĂŝŶdZWsϱŽŶƚŚĞƉůĂƐŵĂŵĞŵďƌĂŶĞ;ϯϬͿ͘ /Ŷ ƚŚĞĂďƐĞŶĐĞŽĨ
ŬůŽƚŚŽ͕dZWsϱƉůĂƐŵĂŵĞŵďƌĂŶĞĂďƵŶĚĂŶĐĞŝƐůŽǁĞƌ͕ ĚĞĐƌĞĂƐŝŶŐĂ2+ ƌĞĂďƐŽƌƉƟŽŶ͕ĂŶĚ
ƌĞƐƵůƟŶŐ ŝŶ ŚǇƉĞƌĐĂůĐŝƵƌŝĂ ;ϯϬ͕ϱϮͿ͘ &ƵƌƚŚĞƌŵŽƌĞ͕ ŵŝĐƌŽƉĞƌĨƵƐŝŽŶ ƐƚƵĚŝĞƐ ƉĞƌĨŽƌŵĞĚ ŽŶ
ŝƐŽůĂƚĞĚdͬEdĨƌŽŵŬůŽƚŚŽ<KŵŝĐĞĚĞŵŽŶƐƚƌĂƚĞĚƚŚĂƚĂŌĞƌWd,ƚƌĞĂƚŵĞŶƚ͕Ă2+ ŝŶŇƵǆ
ǁĂƐŶŽůŽŶŐĞƌŝŶĐƌĞĂƐĞĚĐŽŵƉĂƌĞĚƚŽǁŝůĚƚǇƉĞŵŝĐĞ͘dŚŝƐŝŶĚŝĐĂƚĞƐƚŚĂƚƚŚĞƐƟŵƵůĂƚŽƌǇ
ĞīĞĐƚŽĨWd,ŽŶdZWsϱŵŝŐŚƚĂůƐŽďĞĚĞƉĞŶĚĞŶƚŽŶƚŚĞƉƌĞƐĞŶĐĞŽĨŬůŽƚŚŽ;ϱϵͿ͘
ĂůĐŝƵŵĞǆƚƌƵƐŝŽŶŝŶƚŚĞdͬEd
WDϰĂƐƉƌĞĚŽŵŝŶĂŶƚĐĂůĐŝƵŵĞǆƚƌƵƐŝŽŶdWĂƐĞƉƵŵƉ͍
ĞƐŝĚĞƐƚŚĞŵŽƌĞƐǇƐƚĞŵŝĐĂ2+ homeostasis, chapter 5 and 6 focus on the Ca2+ transport 
ƉƌŽĐĞƐƐŝŶƚŚĞdͬEdĂŶĚŵŽƌĞƐƉĞĐŝĮĐĂůůǇŽŶƚŚĞĂ2+ ĞǆƚƌƵƐŝŽŶŵĞĐŚĂŶŝƐŵ͘tŚĞƌĞ
dZWsϱŝƐƚŚĞŽŶůǇĐŚĂŶŶĞůƚŚĂƚĂƐƐƵƌĞƐĂ2+ ƌĞĂďƐŽƌƉƟŽŶĨƌŽŵƚŚĞƉƌŽͲƵƌŝŶĞŽŶƚŚĞĂƉŝĐĂů
side, the basolateral side has two mechanisms of extruding Ca2+ from the cell (6). NCX1 
is responsible for rapid extrusion of Ca2+, and uses the transmembrane Na+ gradient 
ĂƐĞŶĞƌŐǇƐŽƵƌĐĞ͘KŶƚŚĞĐŽŶƚƌĂƌǇ͕ WDŵĂŝŶƚĂŝŶƐƚŚĞďĂƐĂůĂ2+ level in the cell and 
ƌĞƋƵŝƌĞƐdWĂƐĞŶĞƌŐǇ;ϲϬͿ͘/Ŷchapter 5 we focus on the Ca2+ ĞǆƚƌƵƐŝŽŶƉƵŵƉWD͘
&ŽƵƌĚŝīĞƌĞŶƚŐĞŶĞƐĞŶĐŽĚĞĨŽƌWDϭͲϰ͘/ŶƚŚĞŬŝĚŶĞǇ͕ WDϭĂŶĚϰĂƌĞƉƌĞĚŽŵŝŶĂŶƚůǇ
ĞǆƉƌĞƐƐĞĚ ;ϲϭͿ͘ ĂƐĞĚ ŽŶ ƚŚĞ Ă2+ ĂďƐŽƌƉƟŽŶ ŝŶ ĚƵŽĚĞŶƵŵ͕ ǁŚĞƌĞ WDϭ ŝƐ ƚŚĞ
responsible Ca2+ͲdWĂƐĞƉƵŵƉ͕WDϭŚĂƐďĞĞŶƐƵŐŐĞƐƚĞĚĂƐŵĂŝŶWDŝŶǀŽůǀĞĚŝŶ
Ca2+ extrusion in the late DCT/CNT (62-64). Recently, however, it was demonstrated that 
WDϰŵZEŝƐŵŽƌĞĞŶƌŝĐŚĞĚŝŶƚŚĞůĂƚĞdͬEdĐŽŵƉĂƌĞĚƚŽƚŽƚĂůŬŝĚŶĞǇ͕ ǁŚŝĐŚŝƐŶŽƚ
ƚŚĞĐĂƐĞĨŽƌWDϭ;ϲϱͿ͘&ƵƌƚŚĞƌŵŽƌĞ͕ŝŵŵƵŶŽŚŝƐƚŽĐŚĞŵŝĐĂůƐƚĂŝŶŝŶŐƐŽĨŵŝĐĞŬŝĚŶĞǇ
ƐĞĐƟŽŶŝŶĚŝĐĂƚĞĚƚŚĞŚŝŐŚĞƐƚWDϰƉƌŽƚĞŝŶĞǆƉƌĞƐƐŝŽŶŝŶƚƵďƵůĂƌĐĞůůƐĂůƐŽĞǆƉƌĞƐƐŝŶŐ
dZWsϱ ;ϲϲͿ͘ /Ŷ ĂĚĚŝƟŽŶ͕ ƐĞǀĞƌĂů ĂŶŝŵĂůŵŽĚĞůƐ͕ ŝŶĐůƵĚŝŶŐ ƉĂƌĂƚŚǇƌŽŝĚĞĐƚŽŵŝǌĞĚ ƌĂƚƐ͕
146
Chapter 7
ϭͲĂůƉŚĂͲK,͕ŬůŽƚŚŽĂŶĚdZWsϱ<KŵŝĐĞĚŝƐƉůĂǇĂĐŽŶĐŽŵŝƚĂŶƚƌĞŐƵůĂƟŽŶŽĨdZWsϱ͕Eyϭ
and calbindin-D28k ŝŶ ƚŚĞ ŬŝĚŶĞǇ ;ϱϮ͕ϲϳͲϲϵͿ͘ /ŶƚĞƌĞƐƟŶŐůǇ͕  ŝŶ ƚŚĞƐĞŵŝĐĞŵŽĚĞůƐ ƌĞŶĂů
ĞǆƉƌĞƐƐŝŽŶŽĨWDϭƐĞĞŵƐƵŶĂīĞĐƚĞĚ͕ǁŚĞƌĞĂƐŝŶƚŚĞdZWsϱ<KŵŽĚĞů͕ƌĞŶĂůWDϰ
is downregulated, similar to NCX1 and calbindin-D28k ;ϲϱͿ͘ dŚŝƐ ŝŶĚŝĐĂƚĞƐ Ă ƉŽƚĞŶƟĂů
ŝŵƉŽƌƚĂŶƚƌŽůĞ ĨŽƌWDϰ ŝŶƌĞŶĂůĂ2+ handling as integral component together with 
dZWsϱ͕EyϭĂŶĚĐĂůďŝŶĚŝŶͲ28k͘dŚŝƐŚǇƉŽƚŚĞƐŝƐǁĂƐŝŶǀĞƐƟŐĂƚĞĚŝŶchapter 5. The Ca2+ 
ďĂůĂŶĐĞŽĨWDϰ<KŵŝĐĞǁĂƐĐŽŵƉĂƌĞĚƚŽǁŝůĚƚǇƉĞĂŶĚŚĞƚĞƌŽǌǇŐŽƵƐŵŝĐĞ͘WDϰ
KO mice, however, did not present urinary Ca2+ ĞǆĐƌĞƟŽŶĂďŶŽƌŵĂůŝƟĞƐ͘DŽƌĞŽǀĞƌ͕ ŶŽ
ĐŽŵƉĞŶƐĂƟŽŶŽĐĐƵƌƌĞĚŽŶŵZE ůĞǀĞů ŝŶ ƚŚĞ ŬŝĚŶĞǇŽƌĚƵŽĚĞŶƵŵŽĨWDϭ͕Eyϭ
or other Ca2+-related genes. Since NCX1 is responsible for 70% of Ca2+ extrusion, the 
ĂĐƟǀŝƚǇŽĨEyϭĐŽƵůĚŚĂǀĞďĞĞŶŝŶĐƌĞĂƐĞĚ;ϳϬͿ͘KƵƌƐƚƵĚǇĚŽĞƐŶŽƚƐƵƉƉŽƌƚĂŬĞǇƌŽůĞ
ĨŽƌWDϰŝŶƚŚĞƌĞŶĂůĂ2+ balance in the presence of a normal Ca2+ ĚŝĞƚ͘/ƚǁŽƵůĚďĞ
ŝŶƚĞƌĞƐƟŶŐƚŽĐŚĂůůĞŶŐĞƚŚĞŵŝĐĞǁŝƚŚĂĂ2+ͲŽƌǀŝƚĂŵŝŶͲĚĞĮĐŝĞŶƚĚŝĞƚ͕ƚŽĚĞƚĞƌŵŝŶĞŝĨ
a hypocalcaemic phenotype would arise. 
dŚĞ ƉƌŝŵĂƌǇ ĐĞůů ŵŽĚĞů ĚĞƐĐƌŝďĞĚ ďǇ sĂŶ ĚĞƌ ,ĂŐĞŶ et al., ĐŽƵůĚ ĂŝĚ ŝŶ ƐƵďƐĞƋƵĞŶƚ
ĚĞƚĞƌŵŝŶĂƟŽŶŽĨ ƚŚĞ ƌŽůĞŽĨ WDϰ ŝŶĂ2+ transport in the DCT/CNT (65). Here, mice 
ĂƌĞƵƐĞĚƚŚĂƚĞǆƉƌĞƐƐĂŶĞŶŚĂŶĐĞĚŐƌĞĞŶŇƵŽƌĞƐĐĞŶƚƉƌŽƚĞŝŶ;'&WͿďĞŚŝŶĚƚŚĞdZWsϱ
ƉƌŽŵŽƚĞƌ͕ ƌĞƐƵůƟŶŐŝŶŇƵŽƌĞƐĐĞŶƚdͬEdŬŝĚŶĞǇƚƵďƵůĞƐ͘^ƵďƐĞƋƵĞŶƚůǇ͕ ŬŝĚŶĞǇƚƵďƵůĞƐ
ĂƌĞƐŽƌƚĞĚďĂƐĞĚŽŶ ƚŚĞ'&WŇƵŽƌĞƐĐĞŶĐĞ͕ĂŶĚĐĞůůƐ ƐƉĞĐŝĮĐĂůůǇĞǆƉƌĞƐƐŝŶŐdZWsϱĂƌĞ
ƐŽƌƚĞĚ͘dŚĞƌĞĂŌĞƌ͕ WDϭĂŶĚWDϰĐĂŶďĞŝŶŚŝďŝƚĞĚǁŝƚŚƐƉĞĐŝĮĐWDϭŽƌϰŝŶŚŝďŝƚŽƌƐ͘
ƌŽƐƐďƌĞĞĚŝŶŐďĞƚǁĞĞŶdZWsϱͲ'&WͲĞǆƉƌĞƐƐŝŶŐŵŝĐĞĂŶĚWDϰ<KŵŝĐĞĐŽƵůĚŐŝǀĞŵŽƌĞ
insight in the Ca2+ ŚĂŶĚůŝŶŐŝŶƚŚŝƐƐĞŐŵĞŶƚŽĨƚŚĞŬŝĚŶĞǇĂƐǁĞůů͘DŽƌĞŽǀĞƌ͕ ĚŝƌĞĐƚĞīĞĐƚƐŽĨ
Wd,ĂŶĚŽƚŚĞƌĐĂůĐŝŽƚƌŽƉŝĐŚŽƌŵŽŶĞƐŽŶWDϰĐŽƵůĚďĞƚĞƐƚĞĚƵƐŝŶŐƚŚŝƐŵŽĚĞů͘
ZĞŵĂƌŬĂďůǇ͕  ƐĞƌƵŵ &'&Ϯϯ ůĞǀĞůƐ ǁĞƌĞ ŝŶĐƌĞĂƐĞĚ ŝŶ WDϰ <K ŵŝĐĞ ĐŽŵƉĂƌĞĚ ƚŽ
ǁŝůĚƚǇƉĞ͘WDϰĞǆƉƌĞƐƐŝŽŶǁĂƐĚĞŵŽŶƐƚƌĂƚĞĚŝŶƌĂƚŽƐƚĞŽďůĂƐƟĐĐĞůů ůŝŶĞƐ͕ǁŚŝĐŚ ŝƐ
ĂůƐŽǁŚĞƌĞ &'&ϮϯƉƌŽĚƵĐƟŽŶŽĐĐƵƌƐ͕ ƐƵŐŐĞƐƟŶŐ ĂŶ ŝŶǀŽůǀĞŵĞŶƚŽĨ WDϰ ŝŶ &'&Ϯϯ
ƉƌŽĚƵĐƟŽŶ;ϳϭ͕ϳϮͿ͘dŚĞŽďƐĞƌǀĞĚŝŶĐƌĞĂƐĞŝŶƐĞƌƵŵ&'&Ϯϯ͕ŚŽǁĞǀĞƌ͕ ǁĂƐŶŽƚĂƐƐŽĐŝĂƚĞĚ
with changes in Pi homeostasis as serum Pi, urinary Pi ĞǆĐƌĞƟŽŶ ĂŶĚ ǇƉϮϳďϭ ĂŶĚ
ǇƉϮϰĂϭŵZEĞǆƉƌĞƐƐŝŽŶǁĞƌĞŶŽƚĚŝīĞƌĞŶƚďĞƚǁĞĞŶǁŝůĚƚǇƉĞĂŶĚ<KŵŝĐĞ͘WŽƐƐŝďůǇ͕ 
WDϰƉĂƌƟĐŝƉĂƚĞƐ ŝŶ ƚŚĞ&'&ϮϯƐŝŐŶĂůŝŶŐƉĂƚŚǁĂǇ͕ ƐŝŶĐĞďĞƐŝĚĞƐ ŝƚƐ ĨƵŶĐƟŽŶĂƐĂ2+ 
ĞǆƚƌƵĚĞƌ͕ WDϰŚĂƐĂƌŽůĞŝŶǀĂƌŝŽƵƐƐŝŐŶĂůŝŶŐƉĂƚŚǁĂǇƐ͘&ŽƌŝŶƐƚĂŶĐĞ͕WDϰƚĞƚŚĞƌƐ
proteins such as calcineurin or neuronal nitric-oxide synthase to the cell membrane, 
forming microdomains where Ca2+ŝƐůŽĐĂůůǇĐŽŶƚƌŽůůĞĚĂŶĚƐƵďƐĞƋƵĞŶƚůǇĂ2+ regulates 
ƚŚĞĂĐƟǀŝƚǇŽĨƚŚĞƐĞƉƌŽƚĞŝŶƐ;ϳϯ͕ϳϰͿ͘<ůŽƚŚŽͲŝŶĚĞƉĞŶĚĞŶƚ&'&ϮϯƐŝŐŶĂůŝŶŐŝŶƚŚĞŚĞĂƌƚ
and parathyroid glands are via the calcineurin pathway as well (Figure 2) (16,17). 
,ŽǁĞǀĞƌ͕ ƚŚŝƐƚǇƉĞŽĨ&'&ϮϯƐŝŐŶĂůŝŶŐƉĂƚŚǁĂǇŚĂƐŶŽƚǇĞƚďĞĞŶŽďƐĞƌǀĞĚŝŶƚŚĞŬŝĚŶĞǇ͘
&ƵƌƚŚĞƌŵŽƌĞ͕WDϰ<KŵŝĐĞĚĞŵŽŶƐƚƌĂƚĞĚĂƐŝŐŶŝĮĐĂŶƚůǇĚĞĐƌĞĂƐĞĚǁĂƚĞƌŝŶƚĂŬĞ͕ĂŶĚ
ůŽǁĞƌƵƌŝŶĞŽƵƚƉƵƚ͘/ŶƚĞƌĞƐƟŶŐůǇ͕ WDϰŝƐĞǆƉƌĞƐƐĞĚŝŶƚŚĞŵĂĐƵůĂĚĞŶƐĂĐĞůůƐĂƐǁĞůů
(66). Since the macula densa is involved in salt and water homeostasis, this could also 
ƉůĂǇĂƌŽůĞ͘/ƚǁŽƵůĚďĞŝŶƚĞƌĞƐƟŶŐƚŽĚĞƚĞƌŵŝŶĞƐĞƌƵŵĂŶĚƵƌŝŶĂƌǇEĂ+ levels and renal 
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EĞǆƉƌĞƐƐŝŽŶ͕ƐŝŶĐĞƚŚŝƐƚƌĂŶƐƉŽƌƚĞƌŝƐĂůƐŽĞǆƉƌĞƐƐĞĚŝŶd͕ ǁŚĞƌĞWDϰŝƐŚŝŐŚůǇ
ĞǆƉƌĞƐƐĞĚ;ϲϲͿ͘DŽƌĞŽǀĞƌ͕ ďŝŽůŽŐŝĐĂůǀĂƌŝĂƟŽŶĐŽƵůĚŚĂǀĞĐĂƵƐĞĚƚŚĞĚĞĐƌĞĂƐĞĚǁĂƚĞƌ
intake, since bodyweight of the mice was not changed and virtually nothing is known 
ĂďŽƵƚĂƉƵƚĂƟǀĞƌŽůĞŽĨWDϰŝŶǁĂƚĞƌŚŽŵĞŽƐƚĂƐŝƐ͘dŚĞĞǆĂĐƚĨƵŶĐƟŽŶŽĨWDϰŝŶ
ƐƉĞĐŝĮĐĂůůǇƚŚĞdͬEdƐŚŽƵůĚƐƟůůďĞŝŶǀĞƐƟŐĂƚĞĚ͘
 
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨEyϭŝŶĐĂůĐŝƵŵĞǆƚƌƵƐŝŽŶ
/Ŷ chapter 6 the Ca2+ extrusion transporter NCX1 is studied and the presence of the 
ĚŝīĞƌĞŶƚ ǀĂƌŝĂŶƚƐ ŝŶ ƚŚĞ ŬŝĚŶĞǇ ǁĞƌĞ ĮƌƐƚ ĞǆĂŵŝŶĞĚ͘ dŚĞ ŝŶƚƌĂĐĞůůƵůĂƌ ůŽŽƉ ŽĨ Eyϭ
contains two Ca2+ͲďŝŶĚŝŶŐĚŽŵĂŝŶƐ;ϭĂŶĚϮͿ͕ĂŶĚƚŚĞƐƉůŝĐĞǀĂƌŝĂŶƚĐĂƐƐĞƩĞŝƐ
ůŽĐĂƚĞĚŝŶƚŚĞůĂƩĞƌ;ϳϱͿ͘ŝīĞƌĞŶƚĐŽŵďŝŶĂƟŽŶƐĨŽƌƐŝǆĞǆŽŶƐ;Ͳ&ͿĂƌĞƉŽƐƐŝďůĞ͕ĂůƚŚŽƵŐŚ
ĞǆŽŶ  ĂŶĚ  ĂƌĞŵƵƚƵĂůůǇ ĞǆĐůƵƐŝǀĞ ;ϳϲͿ͘ ǆŽŶ  ŝƐ ŐĞŶĞƌĂůůǇ ĞǆƉƌĞƐƐĞĚ ŝŶ ĞǆĐŝƚĂďůĞ
ƟƐƐƵĞƐĂŶĚĞǆŽŶŝŶŶŽŶͲĞǆĐŝƚĂďůĞƟƐƐƵĞƐ͕ŝŶĐůƵĚŝŶŐŬŝĚŶĞǇ͘/ŶůŝƚĞƌĂƚƵƌĞƚŚĞŽĐĐƵƌƌĞŶĐĞ
ŽĨƚŚĞĚŝīĞƌĞŶƚEyϭǀĂƌŝĂŶƚƐŚĂƐďĞĞŶŝŶǀĞƐƟŐĂƚĞĚŝŶƐĞǀĞƌĂůĂŶŝŵĂůƐ͕ŝŶĐůƵĚŝŶŐƌĂďďŝƚ͕
ƌĂƚĂŶĚŵŽƵƐĞ͘ /Ŷ ƌĂďďŝƚŬŝĚŶĞǇ͕ ǀĂƌŝĂŶƚƐEyϭ͘Ϯ ;ĞǆŽŶƐͿĂŶĚEyϭ͘ϯ ;ĞǆŽŶƐͿ
ǁĞƌĞŽďƐĞƌǀĞĚ;ϳϲͿ͕ǁŚĞƌĞĂƐŝŶƌĂƚŬŝĚŶĞǇĐŽƌƚĞǆ͕Eyϭ͘ϯĂŶĚEyϭ͘ϳ;ĞǆŽŶƐ&ͿǁĞƌĞ
ĨŽƵŶĚ;ϳϳͿ͘/ŶĂŶŝŵŵŽƌƚĂůŝǌĞĚŵŽƵƐĞdĐĞůůůŝŶĞ͕Eyϭ͘Ϯ͕Eyϭ͘ϯĂŶĚEyϭ͘ϲ;ĞǆŽŶƐ
ͿǁĞƌĞ ŝƐŽůĂƚĞĚ ǀŝĂ ZdͲWZ ;ϳϴͿ͘ >ĂƚĞƌ ĂůƐŽ EŽƌƚŚĞƌŶ ďůŽƫŶŐ ŽŶ ƉƌŝŵĂƌǇŵƵƌŝŶĞ
ŬŝĚŶĞǇ ĐƵůƚƵƌĞƐǁĂƐ ĞǆĞĐƵƚĞĚ͕ ŚŽǁĞǀĞƌ͕  ŬŝĚŶĞǇ ĂŶĚ ĚŝƐƚĂů ƚƵďƵůĞ ĐĞůůƐǁĞƌĞ ŶĞŐĂƟǀĞ
ĨŽƌĞǆŽŶ͕ŝŶĚŝĐĂƟŶŐĂůŽǁĂďƵŶĚĂŶĐĞŽĨEyϭ͘ϲŝŶƚŚŝƐƟƐƐƵĞ;ϳϵͿ͘dŚĞŽĐĐƵƌƌĞŶĐĞŽĨ
these variants in kidney is all based on transcript level and not on protein level, since 
ŶŽƐƉĞĐŝĮĐĂŶƟďŽĚŝĞƐĂƌĞĂǀĂŝůĂďůĞĂŐĂŝŶƐƚƚŚĞĚŝīĞƌĞŶƚǀĂƌŝĂŶƚƐ͘/ŶŽƵƌƐƚƵĚǇǀĂƌŝĂŶƚƐ
Eyϭ͘Ϯ͕Eyϭ͘ϯĂŶĚEyϭ͘ϳǁĞƌĞǀĞƌŝĮĞĚŝŶŵƵƌŝŶĞŬŝĚŶĞǇ͘dŚĞƉŚǇƐŝŽůŽŐŝĐĂůƌĞůĞǀĂŶĐĞ
ŽĨ ƚŚĞ ĚŝīĞƌĞŶƚ ǀĂƌŝĂŶƚƐ ƉƌĞƐĞŶƚ ŝŶ ƚŚĞ ŬŝĚŶĞǇ ĂŶĚ ďĞƚǁĞĞŶ ĂŶŝŵĂůƐ ŝƐ ŶŽƚ ŬŶŽǁŶ͘
WŽƚĞŶƟĂůůǇƌĞŐƵůĂƟŽŶŽĨEyϭĂĐƟǀŝƚǇĐŽƵůĚďĞĐŚĂŶŐĞĚ͕ĚƵĞƚŽƌĞŵŽǀĂůŽƌĂĚĚŝƟŽŶŽĨ
ĐĞƌƚĂŝŶƉŚŽƐƉŚŽƌǇůĂƟŽŶƉŽƐŝƟŽŶƐ͘&ƵƌƚŚĞƌŵŽƌĞ͕ǀĂƌŝĂŶƚƐƌĞƐƉŽŶĚĚŝīĞƌĞŶƚůǇƚŽƐƟŵƵůŝ͕
including high Ca2+ and Na+͘dŚĞůĂƩĞƌǁĂƐŝŶǀĞƐƟŐĂƚĞĚĨŽƌĞǆŽŶĂŶĚ͕ǁŚĞƌĞEyϭ
ĞǆƉƌĞƐƐŝŶŐĞǆŽŶǁĂƐůĞƐƐƐƵƐĐĞƉƟďůĞƚŽŝŶƚƌĂĐĞůůƵůĂƌEĂ+ͲĚĞƉĞŶĚĞŶƚŝŶĂĐƟǀĂƟŽŶ;ϴϬͿ͘
ŚĂŶŐĞƐďĞƚǁĞĞŶƚŚĞŽƚŚĞƌĞǆŽŶƐ;Ͳ&ͿŚĂǀĞŶŽƚďĞĞŶŝŶǀĞƐƟŐĂƚĞĚŝŶĚĞƚĂŝů͘
ůƚŚŽƵŐŚĚŝīĞƌĞŶƚǀĂƌŝĂŶƚƐǁĞƌĞĨŽƵŶĚŝŶƐĞǀĞƌĂůĂŶŝŵĂůƐ͕ĂůůƐƚƵĚŝĞƐĐŽŝŶĐŝĚĞĚƚŚĂƚEyϭ͘ϯ
is the most predominant form in kidney (80,81). Therefore, our study focused on the 
ĐŚĂƌĂĐƚĞƌŝǌĂƟŽŶŽĨEyϭ͘ϯ͘Eyϭ͘ϯĂĐƟǀŝƚǇǁĂƐŝŶŚŝďŝƚĞĚďǇĂƐƉĞĐŝĮĐEyϭŝŶŚŝďŝƚŽƌďƵƚǁĂƐ
ŶŽƚƐƟŵƵůĂƚĞĚďǇĞŝƚŚĞƌƉƌŽƚĞŝŶŬŝŶĂƐĞ;W<ͿŽƌƉƌŽƚĞŝŶŬŝŶĂƐĞ;W<Ϳ͘KŶƚŚĞĐŽŶƚƌĂƌǇ͕ 
W<ƐƟŵƵůĂƟŽŶĨŽƌEyϭ͘ϯǁĂƐŽďƐĞƌǀĞĚŝŶŽƚŚĞƌƐƚƵĚŝĞƐ;ϴϮ͕ϴϯͿ͘WŚŽƐƉŚŽƌǇůĂƟŽŶŽĨEyϭ
ŚĂƐďĞĞŶĐŽŶƚƌŽǀĞƌƐŝĂůďĞĨŽƌĞ͕ĂŶĚĐŽƵůĚďĞĚĞƉĞŶĚĞŶƚŽŶĐĞůůƚǇƉĞŽƌƐƟŵƵůĂƟŽŶĚƵƌĂƟŽŶ͘
&Žƌ ĞǆĂŵƉůĞ͕ ƚŚĞ ĐĂƌĚŝĂĐ Eyϭ ;Eyϭ͘ϭ͕ ĞǆŽŶƐ &Ϳ ĚĞŵŽŶƐƚƌĂƚĞĚ ŝŶĐƌĞĂƐĞĚ Eyϭ
ĂĐƟǀŝƚǇĂŌĞƌW<ƐƟŵƵůĂƟŽŶŝŶyĞŶŽƉƵƐůĂĞǀŝƐ oocytes and rat ventricular cardiomyocytes. 
Surprisingly, when this variant was expressed in HEK293 cells, no response was observed 
;ϴϰͿ͘WŽƚĞŶƟĂůůǇŵƵůƟƉůĞƉƌŽƚĞŝŶƐĂƌĞŝŶǀŽůǀĞĚŝŶƚŚĞƉŚŽƐƉŚŽƌǇůĂƟŽŶŽĨEyϭ͕ǁŚŝĐŚĂƌĞ
ŶŽƚĂůǁĂǇƐĂǀĂŝůĂďůĞŝŶĞǀĞƌǇĐĞůůƚǇƉĞ;ϴϰͿ͘tŚĞŶƐƚƵĚǇŝŶŐEyϭ͕ĞǆƉĞƌŝŵĞŶƚƐĂƌĞŽŌĞŶ
performed in the reverse mode, measuring Ca2+ uptake. However, normally NCX1 operates 
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in the forward mode, extruding Ca2+͘dŚƵƐ͕ƚŚĞƵƐĞĚƚĞĐŚŶŝƋƵĞƚŽƐƚƵĚǇEyϭĂĐƟǀŝƚǇŝŶƚŚĞ
ƌĞǀĞƌƐĞŵŽĚĞŵŝŐŚƚŚĂǀĞŝŵƉůŝĐĂƟŽŶƐŽŶĨƵŶĐƟŽŶĂŶĚƌĞŐƵůĂƚŽƌǇŵĞĐŚĂŶŝƐŵƐ͕ƐŝŶĐĞĂ2+ 
and Na+ďŽƚŚĐĂŶŝŶŇƵĞŶĐĞĂĐƟǀŝƚǇŽĨEyϭ;ϴϱͿ͘
The exact role of NCX1 in renal Ca2+ handling is unclear, since the global NCX1 KO mouse 
ŝƐ ŶŽƚ ǀŝĂďůĞ ;ϴϲͿ͘sĂŶĚĞƌ,ĂŐĞŶet al. ĨŽƵŶĚ ƚŚĂƚEyϭĂĐĐŽƵŶƚĞĚ ĨŽƌ ΕϱϬйŽĨĂ2+ 
ĞǆƚƌƵƐŝŽŶ ďǇ ŝŶŚŝďŝƟŶŐ Eyϭ ŝŶ ůĂƚĞ dͬEd Ğǆ ǀŝǀŽ ;ϲϱͿ͘ KƚŚĞƌƐ ĞƐƟŵĂƚĞĚ ǀĂůƵĞƐ
ŽĨ ΕϳϬй ;ϲϭ͕ϳϬͿ͘  ƌĞŶĂůͲƐƉĞĐŝĮĐEyϭ <KŵŽƵƐĞŵŽĚĞůǁŽƵůĚ ďĞ ĂďůĞ ƚŽ ĐůĂƌŝĨǇ ŝƚƐ
exact role. Recently, rats were uninephrectomized and treated with an NCX1 inhibitor. 
This, however, did not change serum Ca2+ levels or urinary Ca2+ ĞǆĐƌĞƟŽŶ;ϴϳͿ͘WŽƐƐŝďůǇ͕ 
ŚŽƌŵŽŶĂůĐŽŵƉĞŶƐĂƟŽŶŽĨĂ2+ ĨƌŽŵďŽŶĞŽƌƚŚĞŝŶƚĞƐƟŶĞĐŽƵůĚŚĂǀĞŽĐĐƵƌƌĞĚ͕ŽƌŵŽƌĞ
ůŝŬĞůǇ͕ ƚŚĞƵƐĞĚĚŽƐĞŽĨƚŚĞEyϭŝŶŚŝďŝƚŽƌǁĂƐŶŽƚƐƵĸĐŝĞŶƚƚŽĂďŽůŝƐŚEyϭĨƵŶĐƟŽŶ͘
ŽŶĐůƵƐŝŽŶƐĂŶĚĨƵƚƵƌĞƉĞƌƐƉĞĐƟǀĞƐ
dŚĞĂŝŵŽĨƚŚŝƐƚŚĞƐŝƐǁĂƐƚŽŝŶǀĞƐƟŐĂƚĞƚŚĞĂ2+ and PiďĂůĂŶĐĞĂŶĚŝƚƐƌĞŐƵůĂƟŶŐ&'&ϮϯͲ
ŬůŽƚŚŽͲǀŝƚĂŵŝŶĂǆŝƐŝŶŚĞĂůƚŚĂŶĚĚƵƌŝŶŐĞǆƉĞƌŝŵĞŶƚĂů<͘/ŶĂĚĚŝƟŽŶ͕ǁĞĨŽĐƵƐĞĚŽŶ
the role of the two Ca2+ ĞŋƵǆƉƵŵƉƐEyϭĂŶĚWDϰŝŶĂ2+ ƌĞĂďƐŽƌƉƟŽŶŝŶƚŚĞdͬ
Ed͘ dŚĞĮƌƐƚƐƚƵĚǇŝůůƵƐƚƌĂƚĞƐĂ2+ and PiĚĞƌĞŐƵůĂƟŽŶĚƵƌŝŶŐ<ĂŶĚĂĚŝƐƌƵƉƟŽŶŽĨ
ƚŚĞ&'&ϮϯͲŬůŽƚŚŽͲǀŝƚĂŵŝŶĂǆŝƐ͘dŚĞĞǆƉƌĞƐƐŝŽŶŽĨŬůŽƚŚŽŝŶƚŚĞŬŝĚŶĞǇǁĂƐĚĞĐƌĞĂƐĞĚ͕
ǁŚŝĐŚŝƐŝŶĂĐĐŽƌĚĂŶĐĞǁŝƚŚĐůŝŶŝĐĂůƐƚƵĚŝĞƐ;ϱ͕ϴϴͿ͘dŚĞŝŵƉŽƌƚĂŶĐĞŽĨŬůŽƚŚŽŝƐƐƟůůŶŽƚ
fully determined, though it seems to play a valuable role in several processes, including 
ĂƩĞŶƵĂƟŶŐ<ƉƌŽŐƌĞƐƐŝŽŶ ;ϱͿ͘tŚĞƚŚĞƌďŽƚŚŵĞŵďƌĂŶĞͲďŽƵŶĚŬůŽƚŚŽĂŶĚƐŽůƵďůĞ
ŬůŽƚŚŽĂƌĞŽĨƐŝŵŝůĂƌ ŝŵƉŽƌƚĂŶĐĞŝƐĂŶŽƚŚĞƌƉŽŝŶƚŽĨĚĞďĂƚĞ͘tĞƐƚƵĚŝĞĚƚŚĞƐŚĞĚĚŝŶŐ
of klotho and found that the ɲͲĐƵƚ ŝƐ ;Ăƚ ůĞĂƐƚƉĂƌƚůǇͿƉĞƌĨŽƌŵĞĚďǇDϭϬĂŶĚͬŽƌ
Dϭϳ͘dŚĞɴͲĐƵƚ͕ŚŽǁĞǀĞƌ͕ ƐĞĞŵƐƚŽďĞĂĐĐŽŵƉůŝƐŚĞĚďǇŽƚŚĞƌƉƌŽƚĞĂƐĞƐ͘/ŶŚŝďŝƟŽŶ
of klotho shedding ŝŶǀŝǀŽ decreased serum Pi ůĞǀĞůƐĂŶĚ ŝŶĐƌĞĂƐĞĚŵZEĞǆƉƌĞƐƐŝŽŶ
of several renal and duodenal Pi transporters. This implies the importance of klotho in 
PiƌĞŐƵůĂƟŽŶ͕ƚŚŽƵŐŚƚŚĞĞǆĂĐƚŵĞĐŚĂŶŝƐŵƌĞŵĂŝŶƐƚŽďĞĞƐƚĂďůŝƐŚĞĚ͘/ŵƉŽƌƚĂŶƚůǇ͕ ƚŚŝƐ
ƌĞƐĞĂƌĐŚĮĞůĚŵŝŐŚƚ ŽƉĞŶŶŽǀĞů ƚŚĞƌĂƉĞƵƟĐ ƐƚƌĂƚĞŐŝĞƐ͕ ĂƉƉůŝĐĂďůĞ ŝŶ ĐůŝŶŝĐĂů ƉƌĂĐƟĐĞ͕
since Pi ŝƐ ĂŶ ŝŵƉŽƌƚĂŶƚ ĐĂƵƐĂƟǀĞ ĨĂĐƚŽƌ ŝŶ ŵĂŶǇ ĐŽͲŵŽƌďŝĚŝƟĞƐ ŽĨ <͕ ŝŶĐůƵĚŝŶŐ
ǀĂƐĐƵůĂƌĐĂůĐŝĮĐĂƟŽŶƐĂŶĚƐĞĐŽŶĚĂƌǇŚǇƉĞƌƉĂƌĂƚŚǇƌŽŝĚŝƐŵ;ϰͿ͘dŚĞƌĞĨŽƌĞ͕ĐŽŶƚƌŽůůŝŶŐWi 
homeostasis is of paramount importance in CKD. 
/ŶĂĚĚŝƟŽŶ͕ƚŚŝƐƚŚĞƐŝƐƐŚŽǁƐƚŚĞŶĞĐĞƐƐŝƚǇĂŶĚƚŚĞĚŝĸĐƵůƚǇŽĨŐĞŶĞƌĂƟŶŐĂƌĞƉƌŽĚƵĐŝďůĞ
ŬůŽƚŚŽ>/^͘DĂŶǇƐƚƵĚŝĞƐƌĞƉŽƌƚĚĂƚĂŽŶƐĞƌƵŵŬůŽƚŚŽůĞǀĞůƐ͕ǁŚŝĐŚƌĞůǇŽŶĂƐƐĂǇƐƚŚĂƚ
ŚĂǀĞĚŽƵďƞƵůƉĞƌĨŽƌŵĂŶĐĞĂŶĚŽŌĞŶĚŝĚŶŽƚĞǆĞĐƵƚĞƚŚĞŶĞĐĞƐƐĂƌǇĐŽŶƚƌŽůƐ;ϱϱͿ͘/ƚŝƐ
unclear if klotho is measured, which klotho fragments are measured and under which 
ĐŽŶĚŝƟŽŶƐƚŚĞƐĂŵƉůĞƐĂƌĞŵĞĂƐƵƌĞĚ͘KŌĞŶƚŚĞŝŵƉŽƌƚĂŶĐĞŽĨĨƌĞĞǌĞͲƚŚĂǁĐǇĐůĞƐŝƐ͕ĨŽƌ
ĞǆĂŵƉůĞ͕ƵŶĚĞƌĞƐƟŵĂƚĞĚ͘dŚŝƐůĞĂĚƐƚŽĂůŽƚŽĨĐŽŶƚƌŽǀĞƌƐǇŝŶƚŚĞďŝŽŵĞĚŝĐĂůůŝƚĞƌĂƚƵƌĞ
ǁŝƚŚƌĞƐƉĞĐƚƚŽƚŚĞƐĞƌƵŵŬůŽƚŚŽůĞǀĞůƐĚƵƌŝŶŐ<;ϴϵͲϵϭͿ͘ŬůŽƚŚŽƚǁŽͲƐŝƚĞ>/^ǁĂƐ
developed in chapter 4 to measure klotho in urine. Unfortunately, measuring klotho in 
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ƐĞƌƵŵǁĂƐŶŽƚǇĞƚƉŽƐƐŝďůĞ͕ĚĞŵŽŶƐƚƌĂƟŶŐƚŚĞĚŝĸĐƵůƚǇŽĨĚĞǀĞůŽƉŝŶŐĂƐƉĞĐŝĮĐŬůŽƚŚŽ
>/^͘DŽƌĞŽǀĞƌ͕ ǁĞĐĂŶŶŽƚĚŝƐƟŶŐƵŝƐŚǁŚŝĐŚŬůŽƚŚŽĨƌĂŐŵĞŶƚƐĂƌĞŵĞĂƐƵƌĞĚ͘,ŽǁĞǀĞƌ͕ 
ƚŚĞ ƐƉĞĐŝĮĐŝƚǇŽĨŵĞĂƐƵƌĞĚŬůŽƚŚŽ ĐĂŶďĞ ĐĞƌƟĮĞĚ͕ďǇƵƐŝŶŐ ĂƉƉƌŽƉƌŝĂƚĞ ĐŽŶƚƌŽůƐ͘ƚ
ƉƌĞƐĞŶƚ͕ ŝŵŵƵŶŽďůŽƫŶŐ Žƌ ƚŚĞ /WͲ/ ĂƐƐĂǇ ĂƌĞ ƚŚĞ ŵŽƐƚ ƌŽďƵƐƚ ǁĂǇƐ ƚŽ ĚĞƚĞƌŵŝŶĞ
serum and urinary human klotho levels (56). This is, however, too laborious for a clinical 
ĂƉƉůŝĐĂƟŽŶĂŶĚůĂƌŐĞĐŽŚŽƌƚƐƚƵĚŝĞƐ͕ĂŶĚƚŚĞƌĞĨŽƌĞŽƚŚĞƌĂƐƐĂǇƐŶĞĞĚƚŽďĞĚĞǀĞůŽƉĞĚ͘
&ƵƌƚŚĞƌŵŽƌĞ͕ƚŚĞŝŵƉŽƌƚĂŶĐĞŽĨWDϰŝŶƌĞŶĂůĂ2+ ŚĂŶĚůŝŶŐǁĂƐŝŶǀĞƐƟŐĂƚĞĚ͘&ŽƌĂůŽŶŐ
ƟŵĞWDϭǁĂƐĐŽŶƐŝĚĞƌĞĚƚŽďĞƚŚĞƉƌĞĚŽŵŝŶĂŶƚĂ2+ dWĂƐĞƉƵŵƉ͕ƵŶƟůƌĞĐĞŶƚƐƚƵĚŝĞƐ
ƐƵŐŐĞƐƚĞĚƚŚĂƚWDϰŵŝŐŚƚďĞŵŽƌĞŝŵƉŽƌƚĂŶƚ;ϲϱ͕ϲϲͿ͘tĞĐŽŶĐůƵĚĞĚ͕ŚŽǁĞǀĞƌ͕ ƚŚĂƚŝŶ
normal Ca2+ ďĂůĂŶĐĞWDϰŚĂƐŶŽƚĂǀŝƚĂůƌŽůĞŝŶŵĂŝŶƚĂŝŶŝŶŐƚŚĞĂ2+ balance, which does 
ŶŽƚĞǆĐůƵĚĞĂĨƵŶĐƟŽŶĨŽƌWDϰŝŶĂ2+ ƌĞŐƵůĂƟŽŶŝŶƉĂƚŚŽůŽŐŝĐĂůĐŽŶĚŝƟŽŶƐ͘WŽƚĞŶƟĂů
ŽƚŚĞƌƌŽůĞƐŽĨWDϰŝŶƚŚĞdͬEdƐŚŽƵůĚďĞŝŶǀĞƐƟŐĂƚĞĚŝŶŵŽƌĞĚĞƚĂŝůŝŶƚŚĞĨƵƚƵƌĞ͘
Concerning the other basolateral Ca2+ extrusion mechanism, we demonstrated that NCX1.3 
ŝƐƚŚĞŵĂŝŶEyϭƚƌĂŶƐƉŽƌƚĞƌŝŶƚŚĞdͬEd͘ ^ ĞǀĞƌĂůĂƐƉĞĐƚƐŽĨEyϭ͘ϯǁĞƌĞŝŶǀĞƐƟŐĂƚĞĚ͕
including the importance of intracellular Ca2+ ĨŽƌEyϭ͘ϯĂĐƟǀŝƚǇ͘ dŚĞƌŽůĞŽĨƐĞǀĞƌĂůEyϭ
ǀĂƌŝĂŶƚƐǁŝƚŚŝŶ ƚŚĞŬŝĚŶĞǇ ŝƐƐƟůůƵŶŬŶŽǁŶ͘WŽƐƐŝďůǇ͕  ƚŚĞƌĞƐƉŽŶƐĞŽĨ ƌĞŐƵůĂƟŶŐ ĨĂĐƚŽƌƐ͕
such as Ca2+ and Na+͕ŽŶEyϭĂĐƟǀŝƚǇŝƐĚŝīĞƌĞŶƚĨŽƌƚŚĞƐĞǀĂƌŝĂŶƚƐ;ϴϱͿ͘
/Ŷ ƚŚĞ ŶĞĂƌ ĨƵƚƵƌĞ͕ ĚĞŵŽŐƌĂƉŚŝĐƐǁŝůů ĐŚĂŶŐĞ ƚŽ ƌĞůĂƟǀĞůǇŵŽƌĞ ĞůĚĞƌůǇ ƉĞŽƉůĞ͘ dŚŝƐ
will enhance the demand of research addressing aging-associated diseases. CKD is 
among them, since the main causes of CKD, hypertension and diabetes, are common in 
elderly people (1). Furthermore, other roles for klotho, besides the one in CKD, should 
ďĞŝŶǀĞƐƟŐĂƚĞĚ͕ƐŝŶĐĞŬůŽƚŚŽ ŝƐŵĂƌŬĞĚĂƐƚŚĞĂŶƟͲĂŐŝŶŐƉƌŽƚĞŝŶ͘ /Ŷ'ƌĞĞŬŵǇƚŚŽůŽŐǇ͕ 
the goddess Clotho decides together with her sisters when to cut the thread of life, so 
perhaps in human life its role is of similar importance. 
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Chapter 8
/ŶƚƌŽĚƵĐƟĞ
Ğ ŶŝĞƌĞŶ ǌŝũŶ ďĞůĂŶŐƌŝũŬĞ ŽƌŐĂŶĞŶ ŝŶ ŚĞƚ ůŝĐŚĂĂŵ͘ Ğ ǌŝũŶ ǀĞƌĂŶƚǁŽŽƌĚĞůŝũŬ ǀŽŽƌ ĚĞ
ƌĞŐƵůĂƟĞǀĂŶĚĞĞůĞŬƚƌŽůǇƚĞŶďĂůĂŶƐ͕ŚĞƚǀĞƌǁŝũĚĞƌĞŶǀĂŶĂĨǀĂůƐƚŽīĞŶĞŶŚĞƚƉƌŽĚƵĐĞƌĞŶ
ǀĂŶŚŽƌŵŽŶĞŶ͕ǌŽĂůƐǀŝƚĂŵŝŶĞ͘ĞŶŵĞŶƐĞůŝũŬĞŶŝĞƌŚĞĞŌĞĞŶŵŝůũŽĞŶŶĞĨƌŽŶĞŶĞŶŝĞĚĞƌĞ
ŶĞĨƌŽŶďĞƐƚĂĂƚƵŝƚĞĞŶŐůŽŵĞƌƵůƵƐǁĂĂƌŚĞƚďůŽĞĚǁŽƌĚƚŐĞĮůƚƌĞĞƌĚĞŶĞĞŶůĂŶŐĞŶŝĞƌďƵŝƐ
ǁĂĂƌĚĞŐĞĮůƚƌĞĞƌĚĞǀŽŽƌƵƌŝŶĞǁŽƌĚƚŐĞĐŽŶĐĞŶƚƌĞĞƌĚĞŶďĞůĂŶŐƌŝũŬĞƐƚŽīĞŶǁĞĞƌǁŽƌĚĞŶ
opgenomen in het bloed. De lange nierbuis bestaat uit de opeenvolgende segmenten: 
de proximale tubulus, de lis van Henle, het distaal convoluut, de verbindingsbuis en de 
ǀĞƌǌĂŵĞůďƵŝƐ;&ŝŐƵƵƌϭͿ͘ĞŶŝĞƌĨƵŶĐƟĞǁŽƌĚƚďĞƉĂĂůĚĂĂŶĚĞŚĂŶĚǀĂŶĚĞŐůŽŵĞƌƵůĂŝƌĞ
ĮůƚƌĂƟĞ ƐŶĞůŚĞŝĚ͘ ůƐ ĚĞǌĞ ůĂŶŐĞƌ ĚĂŶ ĚƌŝĞ ŵĂĂŶĚĞŶ фϲϬ ŵůͬŵŝŶ ƉĞƌ ϭ͘ϳϯ ŵ2 is, of 
ǁĂŶŶĞĞƌĞƌƚĞǀĞĞůĞŝǁŝƩĞŶŝŶĚĞƵƌŝŶĞĂĂŶǁĞǌŝŐǌŝũŶ͕ĚĂŶŝƐĚŝƚĞĞŶƚĞŬĞŶǀĂŶĐŚƌŽŶŝƐĐŚĞ
nierschade. Chronische nierschade wordt ingedeeld in verschillende stadia, van mild tot 
ĞƌŶƐƟŐĞŶ ŬĂŶƵŝƚĞŝŶĚĞůŝũŬ ůĞŝĚĞŶ ƚŽƚŶŝĞƌĨĂůĞŶ͘ĞŚŽŽĨĚŽŽƌǌĂŬĞŶǀĂŶĚĞǌĞ ǌŝĞŬƚĞ ǌŝũŶ
hypertensie en diabetes mellitus. Eén van de belangrijkste gevolgen is het ontstaan van 
cardiovasculaire ziekten, zoals vasculaire calcificaties. De elektrolyten calcium (Ca2+) en 
fosfaat (Pi) spelen hierbij een belangrijke rol. De bloedspiegels van Ca
2+ en Pi worden 
ŽŶĚĞƌĂŶĚĞƌĞŐĞƌĞŐƵůĞĞƌĚĚŽŽƌĚĞĮďƌŽďůĂƐƚŐƌŽǁƚŚĨĂĐƚŽƌ;&'&ͿϮϯͲŬůŽƚŚŽͲǀŝƚĂŵŝŶĞĂƐ͘
FGF23-klotho-vitamine D as
,ĞƚŚŽƌŵŽŽŶ&'&ϮϯǀĞƌŚŽŽŐƚĚĞWi uitscheiding in de urine door minder Pi vanuit de 
ǀŽŽƌƵƌŝŶĞŶĂĂƌŚĞƚďůŽĞĚ ƚĞ ƌĞƐŽƌďĞƌĞŶ͘ &'&ϮϯǀĞƌŵŝŶĚĞƌƚŶĂŵĞůŝũŬĚĞŶĂƚƌŝƵŵEĂ+/
Pi ĐŽͲƚƌĂŶƐƉŽƌƚĞƵƌƐEĂWŝͲ//ĂĞŶEĂWŝͲ//ĐŽƉĚĞĐĞůŵĞŵďƌĂĂŶĂĂŶĚĞƵƌŝŶĞǌŝũĚĞǀĂŶĚĞ
&ŝŐƵƵƌϭͮKǀĞƌǌŝĐŚƚǀĂŶĞĞŶŶĞĨƌŽŶ͘De nieren spelen een belangrijke rol in het lichaam en elke nier 
ďĞƐƚĂĂƚƵŝƚΕϭŵŝůũŽĞŶŶĞĨƌŽŶĞŶ͘ZĞĐŚƚƐƐƚĂĂƚĞĞŶŶĞĨƌŽŶŵĞƚĚĂĂƌŝŶĚĞǀĞƌƐĐŚŝůůĞŶĚĞƐĞŐŵĞŶƚĞŶǀĂŶ
de nierbuis afgebeeld.
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ƉƌŽǆŝŵĂůĞƚƵďƵůƵƐ͘ĂĂƌŶĂĂƐƚǀĞƌůĂĂŐƚ&'&ϮϯĚĞǀŝƚĂŵŝŶĞǁĂĂƌĚĞŶŝŶŚĞƚďůŽĞĚ͕ĚŽŽƌ
in de nier het aanmaakenzym voor vitamine D (Cyp27b1) te remmen en het vitamine D 
ĂĩƌĂĂŬĞŶǌǇŵ;ǇƉϮϰĂϭͿƚĞƐƟŵƵůĞƌĞŶ;&ŝŐƵƵƌϮͿ͘Kŵ&'&ϮϯĂĐƟǀĂƟĞƚĞŝŶŝƟģƌĞŶŝŶĚĞ
ŶŝĞƌ͕ ŝƐĞĞŶƌĞĐĞƉƚŽƌĐŽŵƉůĞǆŶŽĚŝŐ͘ĞǌĞďĞƐƚĂĂƚƵŝƚĚĞ&'&ƌĞĐĞƉƚŽƌĞŶŚĞƚĞŝǁŝƚĂůƉŚĂͲ
klotho (klotho). Naast een membraan variant van klotho is er een circulerende variant. 
/Ŷ ĚĞ ǀŽůŐĞŶĚĞ ƉĂƌĂŐƌĂĂĨ ǁŽƌĚƚ ŚŝĞƌ ĚŝĞƉĞƌ ŽƉ ŝŶŐĞŐĂĂŶ͘ sŝƚĂŵŝŶĞ  ďĞǀŽƌĚĞƌƚ ĚĞ
&'&ϮϯƉƌŽĚƵĐƟĞĞŶǀĞƌŚŽŽŐƚĚĞďůŽĞĚĂ2+ en Pi waarden door het vrijmaken van beide 
ĞůĞŬƚƌŽůǇƚĞŶ Ƶŝƚ ďŽƩĞŶ ĞŶ ƚŽĞŐĞŶŽŵĞŶ ĂďƐŽƌƉƟĞ ǀŝĂ ĚĞ ĚĂƌŵĞŶ͘ ,Ğƚ ƉĂƌĂƚŚŽƌŵŽŽŶ
(PTH) speelt eveneens een belangrijke rol in de regulering van bloed Ca2+ en Pi niveaus. 
PTH verlaagt de bloed Pi spiegels door de Pi uitscheiding in de nieren te bevorderen, net 
ǌŽĂůƐĚŝƚŐĞďĞƵƌƚĚŽŽƌ&'&Ϯϯ͘Ă2+ waarden in het bloed nemen juist toe dankzij PTH, 
door het vrijmaken van Ca2+ƵŝƚďŽƩĞŶ͕ĞĞŶǀĞƌŚŽŽŐĚĞƌĞƐŽƌƉƟĞǀĂŶƵŝƚĚĞǀŽŽƌƵƌŝŶĞĞŶ
ŝŶĚŝƌĞĐƚǀŝĂƐƟŵƵůĞƌŝŶŐǀĂŶĚĞǀŝƚĂŵŝŶĞƉƌŽĚƵĐƟĞ͘ĞĞĞƌƐƚĞĨĂĐƚŽƌĞŶĚŝĞǀĞƌĂŶĚĞƌĞŶ
ŝŶŚĞƚďĞŐŝŶǀĂŶĐŚƌŽŶŝƐĐŚĞŶŝĞƌƐĐŚĂĚĞǌŝũŶĚĞďůŽĞĚ&'&ϮϯǁĂĂƌĚĞŶĞŶĐŝƌĐƵůĞƌĞŶĚĞĞŶ
ƌĞŶĂůĞŬůŽƚŚŽŶŝǀĞĂƵƐ͕ĚŝĞ ƌĞƐƉĞĐƟĞǀĞůŝũŬǀĞƌŚŽŐĞŶĞŶǀĞƌůĂŐĞŶ͘ /Ŷ ůĂƚĞƌĞƐƚĂĚŝĂǀŝŶĚƚ
een toename van de bloed PTH spiegels en een afname van bloed vitamine D waarden 
ƉůĂĂƚƐ͘ůƐůĂĂƚƐƚĞŶĞŵĞŶĚĞďůŽĞĚWi waarden toe. 
&ŝŐƵƵƌϮͮĞƐŝŐŶĂĂůͲƚƌĂŶƐĚƵĐƟĞƌŽƵƚĞǀĂŶ&'&ϮϯŝŶĚĞŶŝĞƌ͘ &ŝďƌŽďůĂƐƚŐƌŽǁƚŚĨĂĐƚŽƌ;&'&ͿϮϯďŝŶĚƚŝŶ
ĚĞŶŝĞƌĂůůĞĞŶĂĂŶĚĞ&'&ƌĞĐĞƉƚŽƌ ;&'&ZͿ ŝŶĚĞĂĂŶǁĞǌŝŐŚĞŝĚǀĂŶŬůŽƚŚŽ͘sĞƌǀŽůŐĞŶƐǁŽƌĚĞŶĚĞEĂ+/
PiĐŽͲƚƌĂŶƐƉŽƌƚĞƵƌƐEĂWŝͲ//ĂͬĐŐĞƌĞŵĚĚŝĞǌŝĐŚďĞǀŝŶĚĞŶĂĂŶĚĞƵƌŝŶĞǌŝũĚĞǀĂŶĚĞƉƌŽǆŝŵĂůĞƚƵďƵůƵƐĐĞů͕
wat leidt tot een verhoogde uitscheiding van PiŝŶĚĞƵƌŝŶĞ͘dĞŐĞůŝũŬĞƌƟũĚǀĞƌůĂĂŐƚ&'&ϮϯŚĞƚǀŝƚĂŵŝŶĞ
ĂĂŶŵĂĂŬĞŶǌǇŵǇƉϮϳďϭĞŶǀĞƌŚŽŽŐƚŚĞƚǀŝƚĂŵŝŶĞĂĩƌĂĂŬĞŶǌǇŵǇƉϮϰĂϭ͕ ƌĞƐƵůƚĞƌĞŶĚ ŝŶǀĞƌůĂĂŐĚĞ
bloed vitamine D waarden. Cyp27b1 en Cyp24a1 bevinden zich in de proximale tubulus, net als NaPi-
//ĂͬĐ͘ĐŚƚĞƌ͕ &'&ϮϯͲƌĞĐĞƉƚŽƌĂĐƟǀĂƟĞǀŝŶĚƚǁĂĂƌƐĐŚŝũŶůŝũŬŝŶŚĞƚĚŝƐƚĂĂůĐŽŶǀŽůƵƵƚƉůĂĂƚƐ͘,ŽĞĚĞƐŝŐŶĂůĞŶ
ǁŽƌĚĞŶŽǀĞƌŐĞďƌĂĐŚƚŶĂĂƌĚĞƉƌŽǆŝŵĂůĞƚƵďƵůƵƐĐĞů͕ŽĨĚĂƚŵŽŐĞůŝũŬĚĞŝŶŝƟģůĞĂĐƟǀĂƟĞĂůŝŶĚĞƉƌŽǆŝŵĂůĞ
tubulus cel plaatsvindt, is nog onduidelijk.
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/Ŷ hoofdstuk 2 zijn de mechanismen onderzocht die bijdragen aan de verstoorde 
ĞůĞŬƚƌŽůǇƚĞŶďĂůĂŶƐƟũĚĞŶƐ ĐŚƌŽŶŝƐĐŚĞŶŝĞƌƐĐŚĂĚĞ͘ dǁĞĞĚŝĞƌŵŽĚĞůůĞŶŵĞƚ ĐŚƌŽŶŝƐĐŚĞ
ŶŝĞƌƐĐŚĂĚĞ ǌŝũŶ ŵĞƚ ĞůŬĂĂƌ ǀĞƌŐĞůĞŬĞŶ͘ /Ŷ ŚĞƚ ĞŶĞ ŵŽĚĞů ǁŽƌĚƚ ϱͬϲe van de nieren 
verwijderd terwijl in het andere model muizen een adenine dieet krijgen, dat leidt tot 
ďĞƐĐŚĂĚŝŐŝŶŐĞŶ ǀĂŶ ĚĞ ƚƵďƵůŝ͘ sĞƌǀŽůŐĞŶƐ ŝƐ ĚĞ Ă2+ en Pi huishouding onderzocht in 
ƌĞůĂƟĞ ƚŽƚ ĚĞ &'&ϮϯͲŬůŽƚŚŽͲǀŝƚĂŵŝŶĞ  ĂƐ͘ ĞŝĚĞ ĚŝĞƌŵŽĚĞůůĞŶ ůĞŝĚĞŶ ƚŽƚ ĐŚƌŽŶŝƐĐŚĞ
ŶŝĞƌƐĐŚĂĚĞ͕ ǌŽĂůƐǁĞĞƌƐƉŝĞŐĞůƚ ŝŶ ƵƌĞŵŝĞ ĞŶ ǀĞƌŚŽŽŐĚĞ ƌĞŶĂůĞ ŶĞƵƚƌŽƉŚŝů ŐĞůĂƟŶĂƐĞͲ
ĂƐƐŽĐŝĂƚĞĚůŝƉŽĐĂůŝŶ;E'>ͿĞǆƉƌĞƐƐŝĞ͕ǁĂĂƌďŝũĚĞŵƵŝǌĞŶŶĂϰǁĞŬĞŶĂĚĞŶŝŶĞĚŝĞĞƚĚĞ
grootste nierschade ondervinden. De bloed Ca2+ waarden en de Ca2+ uitscheiding in de 
ƵƌŝŶĞǌŝũŶŚŝĞƌďŝũŽŽŬǀĞƌŚŽŽŐĚ͘/ŶďĞŝĚĞĚŝĞƌŵŽĚĞůůĞŶŝƐĚĞ&'&ϮϯͲŬůŽƚŚŽͲǀŝƚĂŵŝŶĞĂƐ
ǀĞƌƐƚŽŽƌĚǁĂĂƌďŝũĚĞďůŽĞĚWd,ǁĂĂƌĚĞŶǌŝũŶƚŽĞŐĞŶŽŵĞŶ͘/ŶĚĞŶŝĞƌĞŶŝƐĚĞĞǆƉƌĞƐƐŝĞ
van het epitheliale Ca2+ŬĂŶĂĂůŵĞƚĚĞŶĂĂŵƚƌĂŶƐŝĞŶƚƌĞĐĞƉƚŽƌƉŽƚĞŶƟĂůǀĂŶŝůůŽŝĚƚǇƉĞ
ϱ;dZWsϱͿǀĞƌŚŽŽŐĚƚĞƌǁŝũůĚĞĞǆƉƌĞƐƐŝĞǀĂŶEĂWŝͲ//ĂǀĞƌůĂĂŐĚŝƐŝŶďĞŝĚĞĚŝĞƌŵŽĚĞůůĞŶ͘
Deze resultaten demonstreren dat in de gebruikte experimentele diermodellen voor 
chronische nierschade een uniforme verstoring optreedt van de Ca2+ en Pi huishouding 
ĞŶĚĞďŝũďĞŚŽƌĞŶĚĞ&'&Ϯϯ͕ŬůŽƚŚŽ͕ǀŝƚĂŵŝŶĞĞŶWd,ŚŽƌŵŽŶĞŶ͘
<ůŽƚŚŽ͗ǀĞƌƐĐŚŝůůĞŶĚĞǀŽƌŵĞŶ͕ǀĞƌƐĐŚŝůůĞŶĚĞĨƵŶĐƟĞƐ
<ůŽƚŚŽǁĞƌĚĞĞƌƐƚďĞƐĐŚƌĞǀĞŶĂůƐĞĞŶĂŶƟͲǀĞƌŽƵĚĞƌŝŶŐƐĞŝǁŝƚ͕ŽŵĚĂƚĚĞůĞǀĞŶƐǀĞƌǁĂĐŚƟŶŐ
ŝŶŬůŽƚŚŽĚĞĮĐŝģŶƚĞŵƵŝǌĞŶƐƚĞƌŬǀĞƌŵŝŶĚĞƌĚŝƐ͘>ĂƚĞƌŝƐĚĞƌŽůǀĂŶŬůŽƚŚŽĂůƐĐŽͲƌĞĐĞƉƚŽƌŝŶ
ĐŽŵďŝŶĂƟĞŵĞƚĚĞ&'&ƌĞĐĞƉƚŽƌǀŽŽƌ&'&ϮϯĂĐƟǀĂƟĞĂĂŶŐĞƚŽŽŶĚ͘ŝƚŝƐŽŶƚĚĞŬƚĚĂŶŬǌŝũ
ĚĞŐĞůŝũŬĞŶŝƐ ƚƵƐƐĞŶĚĞ&'&ϮϯĞŶŬůŽƚŚŽŬŶŽĐŬͲŽƵƚŵƵŝƐ͕ĚŝĞďĞŝĚĞŶŚǇƉĞƌĨŽƐĨĂƚĞŵŝĞ͕
ŚǇƉĞƌĐĂůĐĞŵŝĞĞŶǀĂƐĐƵůĂŝƌĞĐĂůĐŝĮĐĂƟĞƐǀĞƌƚŽŶĞŶ͘<ůŽƚŚŽŝƐǀŽŽƌĂůŝŶĚĞŶŝĞƌĂĂŶǁĞǌŝŐ͕
ƐƉĞĐŝĮĞŬŝŶŚĞƚĚŝƐƚĂĂůĐŽŶǀŽůƵƵƚ;&ŝŐƵƵƌϯͿ͘,ŝĞƌůŝũŬƚŽŽŬ&'&ϮϯͲƌĞĐĞƉƚŽƌĂĐƟǀĂƟĞƉůĂĂƚƐ
ƚĞǀŝŶĚĞŶ͘ĐŚƚĞƌ͕ ĚĞďŝŽůŽŐŝƐĐŚĞĞīĞĐƚĞŶǀĂŶ&'&ϮϯͲƌĞĐĞƉƚŽƌĂĐƟǀĂƟĞ͕ǌŽĂůƐEĂWŝͲ//ĂͬĐ
verlaging, vinden plaats in de proximale tubulus. Een verklaring voor deze paradox is tot 
op heden nog niet gevonden. Naast de nier is klotho ook aanwezig in de bijschildklier, 
ǁĂĂƌŚĞƚĚŝĞŶƚĂůƐĐŽͲƌĞĐĞƉƚŽƌǀŽŽƌ&'&ϮϯŽŵďůŽĞĚWd,ƐƉŝĞŐĞůƐƚĞǀĞƌůĂŐĞŶ͘ZĞĐĞŶƚŝƐ
ŐĞĚĞŵŽŶƐƚƌĞĞƌĚĚĂƚĚĞǌĞǀĞƌůĂŐŝŶŐŽŽŬŽŶĂĬĂŶŬĞůŝũŬǀĂŶŬůŽƚŚŽŬĂŶƉůĂĂƚƐǀŝŶĚĞŶ͘
<ůŽƚŚŽŝƐĞĞŶŵĞŵďƌĂĂŶĞŝǁŝƚŵĞƚƚǁĞĞĚŽŵĞŝŶĞŶ͗<>ϭĞŶ<>Ϯ͘ŽǀĞŶĚŝĞŶŬĂŶŬůŽƚŚŽ
direct boven de membraan of tussen de domeinen KL1 en KL2 afgeknipt worden. Dit 
ƌĞƐƵůƚĞĞƌƚƌĞƐƉĞĐƟĞǀĞůŝũŬŝŶĐŝƌĐƵůĞƌĞŶĚǀŽůůĞĚŝŐŬůŽƚŚŽŽĨĚĞŬůĞŝŶĞƌĞĨƌĂŐŵĞŶƚĞŶ<>ϭĞŶ
<>Ϯ;&ŝŐƵƵƌϯͿ͘KŶĚĞƌĂŶĚĞƌĞĚĞĞŶǌǇŵĞŶDϭϬĞŶDϭϳǌŝũŶǀĞƌĂŶƚǁŽŽƌĚĞůŝũŬ
voor het knippen van klotho. Circulerend klotho is aanwezig in bloed, urine en 
ƌƵŐŐĞŶŵĞƌŐǀůŽĞŝƐƚŽĨ ĞŶ ŚĞĞŌ ǀĞƌƐĐŚŝůůĞŶĚĞ ĨƵŶĐƟĞƐ͕ ǁĂĂƌŽŶĚĞƌ ĞĞŶ ďĞƐĐŚĞƌŵĞŶĚ
ĞīĞĐƚƚĞŐĞŶǀĂƐĐƵůĂŝƌĞĐĂůĐŝĮĐĂƟĞƐ͘/ŶĚĞƵƌŝŶĞƌĞŐƵůĞĞƌƚĐŝƌĐƵůĞƌĞŶĚŬůŽƚŚŽǀĞƌƐĐŚŝůůĞŶĚĞ
ŝŽŶ ƚƌĂŶƐƉŽƌƚĞƵƌƐ ĞŶ ŬĂŶĂůĞŶ͕ ǌŽĂůƐ EĂWŝͲ//ĂͬĐ ĞŶ dZWsϱ͘ /Ŷ hoofdstuk 3 wordt het 
ŬŶŝƉƉƌŽĐĞƐǀĂŶŬůŽƚŚŽďĞŚĂŶĚĞůĚ͘/ŶĚŝƚŚŽŽĨĚƐƚƵŬǌŝũŶŐƌŽƚĞƌĞŚŽĞǀĞĞůŚĞĚĞŶĐŝƌĐƵůĞƌĞŶĚ
volledig klotho, KL1 en KL2 fragmenten in het apicale medium van de cel aangetoond. 
tĂŶŶĞĞƌ ŬůŽƚŚŽ ƉƌŽĚƵĐĞƌĞŶĚĞ ĐĞůůĞŶ ǁŽƌĚĞŶ ďĞŚĂŶĚĞůĚ ŵĞƚ ĚĞ ŵĞĞƌ ĂůŐĞŵĞŶĞ
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D ƌĞŵŵĞƌ dE&ϰϴϰ͕ ŽĨ ĚŽŽƌ ĞĞŶŵĞĞƌ ƐƉĞĐŝĮĞŬĞ DϭϬ ƌĞŵŵĞƌ͕  ůĞŝĚƚ Ěŝƚ ƚŽƚ
een verlaging van circulerend volledig klotho in het medium. Het KL1 fragment is ook 
ǀĞƌŵŝŶĚĞƌĚŵĂĂƌŝŶǀĞĞůŵŝŶĚĞƌĞŵĂƚĞ͘ŝƚƐƵŐŐĞƌĞĞƌƚĞĞŶďĞůĂŶŐƌŝũŬĞƌŽůǀŽŽƌDϭϬ
ŝŶŚĞƚŬŶŝƉƉĞŶǀĂŶŬůŽƚŚŽŝŶŶŝĞƌĐĞůůĞŶ͘ŶĚĞƌĞĞŶǌǇŵĞŶǌƵůůĞŶǁĂĂƌƐĐŚŝũŶůŝũŬďĞƚƌŽŬŬĞŶ
ǌŝũŶ ďŝũ ŚĞƚ ŬŶŝƉƉĞŶ ǀĂŶ ŚĞƚ <>ϭ ĨƌĂŐŵĞŶƚ͘ sĞƌǀŽůŐĞŶƐ ǌŝũŶŵƵŝǌĞŶ Ϯϰ ƵƵƌ ďĞŚĂŶĚĞůĚ
met TNF484. De hoeveelheid circulerend klotho in urine wordt niet beïnvloed door de 
ďĞŚĂŶĚĞůŝŶŐ͘ /ŶďůŽĞĚ ŝƐŚĞƚŚĞůĂĂƐŶŽŐŶŝĞƚŵŽŐĞůŝũŬŽŵŬůŽƚŚŽ ƚĞďĞƉĂůĞŶ͘ůŽĞĚWi 
ǁĂĂƌĚĞŶǌŝũŶĞĐŚƚĞƌƐŝŐŶŝĮĐĂŶƚǀĞƌůĂĂŐĚŝŶdE&ϰϴϰďĞŚĂŶĚĞůĚĞŵƵŝǌĞŶĞŶǀĞƌƐĐŚŝůůĞŶĚĞ
Pi transporteurs in het duodenum en de nier zijn verhoogd. Dit laatste is mogelijk een 
ĐŽŵƉĞŶƐĂƟĞŵĞĐŚĂŶŝƐŵĞ͕ĞŶǁŝũƐƚĚĞƌŚĂůǀĞŝŶĚŝƌĞĐƚŽƉƐǇƐƚĞŵŝƐĐŚĞĨŽƐĨĂĂƚŐĞƌĞůĂƚĞĞƌĚĞ
ĞīĞĐƚĞŶĚŽŽƌĂĨŶĂŵĞǀĂŶŚĞƚŬŶŝƉƉĞŶǀĂŶŵĞŵďƌĂĂŶŐĞďŽŶĚĞŶŬůŽƚŚŽ͘
KƉĚŝƚŵŽŵĞŶƚǌŝũŶĞƌǀĞƌƐĐŚŝůůĞŶĚĞĐŽŵŵĞƌĐŝģůĞĞŶǌǇŵĞͲůŝŶŬĞĚŝŵŵƵŶŽƐŽƌďĞŶƚĂƐƐĂǇƐ
;>/^ͿŽƉĚĞŵĂƌŬƚ͕ĚŝĞ ĐůĂŝŵĞŶĐŝƌĐƵůĞƌĞŶĚŬůŽƚŚŽ ƚĞŬƵŶŶĞŶŵĞƚĞŶ͘ĞǌĞ ǌŝũŶĞĐŚƚĞƌ
ǀĂŶ ŽŶǀŽůĚŽĞŶĚĞ ƐƉĞĐŝĮĐŝƚĞŝƚ ǁĂƚ ůĞŝĚƚ ƚŽƚ ƚĞŐĞŶƐƚƌŝũĚŝŐĞ ĚĂƚĂ ŝŶ ĚĞ ůŝƚĞƌĂƚƵƵƌ ŽŵƚƌĞŶƚ
ĐŝƌĐƵůĞƌĞŶĚĞ ŬůŽƚŚŽ ǁĂĂƌĚĞŶ ŝŶ ƉĂƟģŶƚĞŶ ŵĞƚ ĐŚƌŽŶŝƐĐŚĞ ŶŝĞƌƐĐŚĂĚĞ͘ ,Ğƚ ŝƐ ĚĂĂƌŽŵ
ďĞůĂŶŐƌŝũŬ Žŵ ĞĞŶ ƐŶĞůůĞ ĞŶ ƐƉĞĐŝĮĞŬĞ ĂƐƐĂǇ ƚĞ ŽŶƚǁŝŬŬĞůĞŶ Žŵ ĐŝƌĐƵůĞƌĞŶĚ ŬůŽƚŚŽ ƚĞ
bepalen. Hoofdstuk 4 richt zich op de ontwikkeling van een nieuwe tweezijdige klotho 
>/^͘ĞǌĞŽƉǌĞƚďĞƐƚĂĂƚƵŝƚƚǁĞĞĂŶƟůŝĐŚĂŵĞŶĚŝĞƚĞŐĞŶŬůŽƚŚŽŐĞƌŝĐŚƚǌŝũŶ͕ŶĂŵĞůŝũŬŬŝƉͲ
ĞŶŬŽŶŝũŶͲĂŶƟͲŬůŽƚŚŽ͘,ĞƚǀŽŽƌĚĞĞůǀĂŶĚĞǌĞŽƉǌĞƚŝƐŚĞƚƐƉĞĐŝĮĞŬĞƌŵĂŬĞŶǀĂŶĚĞĂƐƐĂǇ
en daarnaast kan een onderscheid gemaakt worden tussen volledig klotho en de kleinere 
ĨƌĂŐŵĞŶƚĞŶ<>ϭĞŶ<>Ϯ͘,ĞƚŝƐŶĂŵĞůŝũŬŽŶĚƵŝĚĞůŝũŬďŝũĚĞŚƵŝĚŝŐĞĐŽŵŵĞƌĐŝģůĞŬůŽƚŚŽ>/^
assays welke fragmenten van klotho worden geanalyseerd. Om de assay uit hoofdstuk 4 
ƚĞŽŶƚǁŝŬŬĞůĞŶǌŝũŶǀĞƌƐĐŚŝůůĞŶĚĞŶŝĞƵǁĞĂŶƟůŝĐŚĂŵĞŶŐĞŐĞŶĞƌĞĞƌĚŝŶŬŝƉƉĞŶĞŶŬŽŶŝũŶĞŶ͕
ĂĂŶ ĚĞ ŚĂŶĚ ǀĂŶ ƉĞƉƟĚĞŶ ĞŶ ƌĞĐŽŵďŝŶĂŶƚ ŚƵŵĂĂŶ ŬůŽƚŚŽ͘ ĞƌƐƚ ǌŝũŶ ĚĞǌĞ ŐĞƚĞƐƚ ŽƉ
ŝŵŵƵŶŽďůŽƚ͕ĞŶĚĞŵĞĞƐƚĞĂŶƟůŝĐŚĂŵĞŶĚĞƚĞĐƚĞƌĞŶƌĞĐŽŵďŝŶĂŶƚŚƵŵĂĂŶŬůŽƚŚŽ͘ĂĂƌŶĂ
ŝƐŽŶĚĞƌǌŽĐŚƚŽĨĚĞĂŶƟůŝĐŚĂŵĞŶŝŶĞĞŶ>/^ŽƉǌĞƚƌĞĐŽŵďŝŶĂŶƚŬůŽƚŚŽŚĞƌŬĞŶŶĞŶ͘Ğ
ďĞƐƚĞŬŝƉĞŶŬŽŶŝũŶĂŶƟůŝĐŚĂŵĞŶǌŝũŶŐĞĐŽŵďŝŶĞĞƌĚŽŵĞĞŶŐĞǀŽĞůŝŐĞƚǁĞĞǌŝũĚŝŐĞ>/^
ƚĞŽŶƚǁŝŬŬĞůĞŶ͕ǁĂĂƌďŝũĚĞĂŶƟůŝĐŚĂŵĞŶŐĞŐĞŶĞƌĞĞƌĚĚŽŽƌƌĞĐŽŵďŝŶĂŶƚŬůŽƚŚŽĚĞďĞƐƚĞ
ĐŽŵďŝŶĂƟĞǀŽƌŵĚĞŶ͘sĞƌǀŽůŐĞŶƐŝƐŵĞƚĚĞǌĞ>/^ŬůŽƚŚŽŝŶƵƌŝŶĞǀĂŶŐĞǌŽŶĚĞƉĞƌƐŽŶĞŶ
gemeten. Tot slot is ook nog aangetoond dat na het invriezen en ontdooien van urinesamples 
ŚĞƚŬůŽƚŚŽƐŝŐŶĂĂůĂĨŶĞĞŵƚ͕ŚĞƚŐĞĞŶŐĞǀŽůŐĞŶŚĞĞŌǀŽŽƌĚĞŽƉƐůĂŐǀĂŶŬůŽƚŚŽ͘
ĂůĐŝƵŵƵŝƚƐĐŚĞŝĚŝŶŐĂĂŶĚĞďůŽĞĚǌŝũĚĞ
ŽĂůƐĞĞƌĚĞƌĂůǀĞƌŵĞůĚ͕ ŝƐŚĞƚĐŽŶƚƌŽůĞƌĞŶǀĂŶĚĞĞůĞŬƚƌŽůǇƚĞŶďĂůĂŶƐĞĞŶďĞůĂŶŐƌŝũŬĞ
ĨƵŶĐƟĞǀĂŶĚĞŶŝĞƌ͘ ŝũǀŽŽƌďĞĞůĚ͕ŚĞƚŵŝŶĞƌĂĂůĂ2+ is belangrijk in meerdere processen 
ŝŶŚĞƚůŝĐŚĂĂŵǁĂĂƌŽŶĚĞƌďŽƚŽƉďŽƵǁ͕ƐƉŝĞƌĐŽŶƚƌĂĐƟĞƐŵĂĂƌŽŽŬĐĞůůƵůĂŝƌĞƉƌŽĐĞƐƐĞŶ͘
ĞŶŐŽĞĚĞƌĞŐƵůĂƟĞ ŝƐĚƵƐǀĂŶŐƌŽŽƚďĞůĂŶŐ͘,ĞƚŵĞƌĞŶĚĞĞůǀĂŶĚĞĂ2+ ƌĞƐŽƌƉƟĞƵŝƚ
de voorurine vindt plaats in de proximale segmenten en het distaal convoluut van het 
ŶĞĨƌŽŶ͘/ŶĚŝƚůĂĂƚƐƚĞƐĞŐŵĞŶƚ͕ǁŽƌĚƚĂ2+ vanuit de voorurine in de cel getransporteerd via 
het epitheliale Ca2+ŬĂŶĂĂů͕dZWsϱ͕ǁĂĂƌŶĂŚĞƚŐĞďŽŶĚĞŶĂĂŶĐĂůďŝŶĚŝŶĞͲ28kĚŝīƵŶĚĞĞƌƚ
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naar de bloedzijde van de cel (Figuur 3). Daar wordt Ca2+ uit de cel getransporteerd 
ƌŝĐŚƟŶŐŚĞƚďůŽĞĚĚŽŽƌĚĞEĂ+/Ca2+ƵŝƚǁŝƐƐĞůĂĂƌEyϭĞŶĚĞdWͲĂĬĂŶŬĞůŝũŬĞĂ2+ pomp 
WD;ƉůĂƐŵĂŵĞŵďƌĂŶĞĂ2+ͲdWĂƐĞͿ͘
Plasmamembraan calcium ATPase 4
sŝĞƌǀĞƌƐĐŚŝůůĞŶĚĞŐĞŶĞŶƐĐŚƌŝũǀĞŶWDĂĨ;WDϭͲϰͿ͕ĞŶĚĞǀŝĞƌƚƌĂŶƐĐƌŝƉƚĞŶŬƵŶŶĞŶ
ĂůƚĞƌŶĂƟĞĨ ŐĞƐƉůŝƚƐƚ ǁŽƌĚĞŶ ǁĂĂƌĚŽŽƌ Ğƌ ĚŝǀĞƌƐĞ ǀĂƌŝĂŶƚĞŶ ŵŽŐĞůŝũŬ ǌŝũŶ͘ sĂŶ ĚĞ ǀŝĞƌ
ŐĞŶĞŶ ǌŝũŶ WDϭ ĞŶ WDϰǁŝũĚǀĞƌƐƉƌĞŝĚ ŝŶ ŚĞƚ ůŝĐŚĂĂŵ͘ Ğ ĨƵŶĐƟĞ ǀĂŶ WDϭ ŝƐ
het bewaken van een normale intracellulaire Ca2+ ĐŽŶĐĞŶƚƌĂƟĞŝŶĞĞŶƌƵƐƚĞŶĚĞĐĞů͘sĂŶ
WDϰǁĞƌĚ Ěŝƚ ŽŽŬ ǀĞƌŽŶĚĞƌƐƚĞůĚ͕ŵĂĂƌ ƐƚĞĞĚƐŵĞĞƌ ƐƚƵĚŝĞƐ ůĂƚĞŶ ǌŝĞŶ ĚĂƚ WDϰ
ŵŽŐĞůŝũŬŶŽŐĂŶĚĞƌĞ ĨƵŶĐƟĞƐŬĂŶƵŝƚŽĞĨĞŶĞŶ͘ /ŶĚĞŶŝĞƌ ŝƐ ůĂŶŐĞƟũĚĂĂŶŐĞŶŽŵĞŶĚĂƚ
WDϭĚĞǀĞƌĂŶƚǁŽŽƌĚĞůŝũŬĞĂ2+ ƉŽŵƉŝƐ͘ZĞĐĞŶƚŝƐĞĐŚƚĞƌŐĞǀŽŶĚĞŶĚĂƚWDϰǀŽŽƌĂů
ƚŽƚ ĞǆƉƌĞƐƐŝĞ ŬŽŵƚ ŝŶ ĚĞǌĞůĨĚĞ ŶŝĞƌƚƵďƵůŝ ĂůƐ dZWsϱ͘ ĂĂƌŶĂĂƐƚ ǌŝũŶ ĚĞ ĂŶĚĞƌĞ Ă2+-
ŐĞƌĞůĂƚĞĞƌĚĞ ĞŝǁŝƩĞŶ͕ ǌŽĂůƐ dZWsϱ͕ Eyϭ ĞŶ ĐĂůďŝŶĚŝŶĞͲ28k vaak samen gereguleerd. 
WDϭ ĞǆƉƌĞƐƐŝĞ ůŝũŬƚ ĚĂĂƌŵŝŶĚĞƌ ĂĬĂŶŬĞůŝũŬ ǀĂŶ ƚĞ ǌŝũŶ͕ ƚĞƌǁŝũů Ğƌ ĂĂŶǁŝũǌŝŶŐĞŶ ǌŝũŶ
&ŝŐƵƵƌϯͮ ^ ĐŚĞŵĂƟƐĐŚŽǀĞƌǌŝĐŚƚǀĂŶĞĞŶĚŝƐƚĂĂůĐŽŶǀŽůƵƵƚĐĞůŝŶĚĞŶŝĞƌ͘ /ŶĚĞĚŝƐƚĂĂůĐŽŶǀŽůƵƵƚĐĞůůĞŶǀŝŶĚƚ
ĂĐƟĞǀĞĂ2+ƌĞƐŽƌƉƟĞǀĂŶƵŝƚĚĞǀŽŽƌƵƌŝŶĞƉůĂĂƚƐ͘,ĞƚĂ2+ŬĂŶĂĂůƚƌĂŶƐŝĞŶƚƌĞĐĞƉƚŽƌƉŽƚĞŶƟĂůǀĂŶŝůůŽŝĚ;dZWsͿϱ
neemt Ca2+ŽƉ͕ǁĂĂƌŶĂŚĞƚŶĂĂƌĚĞďůŽĞĚǌŝũĚĞǁŽƌĚƚŐĞďƌĂĐŚƚĚŽŽƌĐĂůďŝŶĚŝŶĞͲϮϴŬ;ĂWϮϴŬͿ͘ĂĂƌǁŽƌĚƚ
Ca2+ uit de cel verwijderd door de Na+/Ca2+ uitwisselaar NCX1 en de plasmamembraan Ca2+ͲdWĂƐĞWD͘
ĂĂƌŶĂĂƐƚǀŝŶĚƚŝŶĚĞǌĞĐĞůŽŽŬĚĞĮďƌŽďůĂƐƚŐƌŽǁƚŚĨĂĐƚŽƌ;&'&ͿϮϯͲƌĞĐĞƉƚŽƌĂĐƟǀĞƌŝŶŐƉůĂĂƚƐ͘,ŝĞƌǀŽŽƌŝƐ
ŬůŽƚŚŽĂůƐĐŽͲĨĂĐƚŽƌŶŽĚŝŐƐĂŵĞŶŵĞƚĚĞ&'&ƌĞĐĞƉƚŽƌ;&'&ZͿ͘<ůŽƚŚŽŬĂŶĞǀĞŶĞĞŶƐǀĂŶĚĞƉůĂƐŵĂŵĞŵďƌĂĂŶ
ŐĞŬŶŝƉƚǁŽƌĚĞŶ͕ǀůĂŬďŽǀĞŶĚĞƉůĂƐŵĂŵĞŵďƌĂĂŶŽĨƚƵƐƐĞŶĚĞƚǁĞĞĚŽŵĞŝŶĞŶŝŶ͘/ŶĚĞŐƌŝũǌĞƌĞĐŚƚŚŽĞŬĞŶ
staan de hoofdstukken beschreven waarin de diverse componenten beschreven worden.
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ĚĂƚWDϰĚŝƚŵŽŐĞůŝũŬǁĞů ŝƐ͘ŝƚ ůĞŝĚĚĞƚŽƚĚĞŚǇƉŽƚŚĞƐĞĚĂƚWDϰĞĞŶƉŽƚĞŶƟģůĞ
ďĞůĂŶŐƌŝũŬĞƌŽůƐƉĞĞůƚŝŶĚĞƌĞŐƵůĂƟĞǀĂŶĂ2+ŝŶĚĞŶŝĞƌ͘ /Ŷhoofdstuk 5 is deze hypothese 
ŽŶĚĞƌǌŽĐŚƚ ĚŽŽƌ ǁŝůĚ ƚǇƉĞ͕ ŚĞƚĞƌŽǌǇŐŽƚĞ ĞŶ WDϰ ŬŶŽĐŬͲŽƵƚŵƵŝǌĞŶŵĞƚ ĞůŬĂĂƌ ƚĞ
vergelijken, met als focus de Ca2+ ďĂůĂŶƐ͘ůŚŽĞǁĞůĞƌŐĞĞŶǀĞƌƐĐŚŝůůĞŶǌŝũŶŝŶŚĞƚŐĞǁŝĐŚƚ
ǀĂŶĚĞŵƵŝǌĞŶŽĨĚĞĚŝƵƌĞƐĞ͕ŝƐĚĞǁĂƚĞƌŝŶŶĂŵĞŝŶĚĞWDϰŬŶŽĐŬͲŽƵƚŵƵŝǌĞŶƐŝŐŶŝĮĐĂŶƚ
ǀĞƌůĂĂŐĚ͘ůŽĞĚĂ2+ spiegels en Ca2+ uitscheiding in de urine zijn niet verschillend tussen 
ĚĞŐƌŽĞƉĞŶ͘ŽǀĞŶĚŝĞŶ ŝƐĞƌǁĂĂƌƐĐŚŝũŶůŝũŬŐĞĞŶĐŽŵƉĞŶƐĂƟĞŽƉŐĞƚƌĞĚĞŶĚŽŽƌĂŶĚĞƌĞ
Ca2+ͲŐĞƌĞůĂƚĞĞƌĚĞĞŝǁŝƩĞŶ͕ĂĂŶŐĞǌŝĞŶŝŶĚĞŶŝĞƌĞŶŚĞƚĚƵŽĚĞŶƵŵdZWsϱ͕ĐĂůďŝŶĚŝŶĞͲ28k, 
WDϭĞŶEyϭŽƉŵZEŶŝǀĞĂƵŐĞůŝũŬǌŝũŶŝŶǁŝůĚƚǇƉĞĞŶŬŶŽĐŬͲŽƵƚŵƵŝǌĞŶ͘KŽŬƌĞŶĂůĞ
ŵZEĞǆƉƌĞƐƐŝĞǀĂŶǇƉϮϳďϭĞŶǇƉϮϰĂϭĞŶďůŽĞĚWd,ǁĂĂƌĚĞŶǌŝũŶŶŝĞƚǀĞƌĂŶĚĞƌĚ͘
ůŽĞĚ&'&ϮϯƐƉŝĞŐĞůƐǌŝũŶĚƵŝĚĞůŝũŬƚŽĞŐĞŶŽŵĞŶŝŶĚĞWDϰŬŶŽĐŬͲŽƵƚŵƵŝǌĞŶ͕ĞĐŚƚĞƌ
bloed Pi waarden en Pi uitscheiding in de urine zijn gelijk tussen de groepen. Dit onderzoek 
ůĂĂƚǌŝĞŶĚĂƚWDϰŐĞĞŶǀŝƚĂůĞƌŽůƐƉĞĞůƚŝŶĚĞŶŽƌŵĂůĞĂ2+ balans.
EĂƚƌŝƵŵͬĐĂůĐŝƵŵƵŝƚǁŝƐƐĞůĂĂƌϭ
tĂĂƌWDĂůƐĞĞŶŚƵŝƐŚŽƵĚĞŝǁŝƚƐƚĂďŝĞůĞĂ2+ ĐŽŶĐĞŶƚƌĂƟĞƐďĞŚŽƵĚƚ͕ŚĞĞŌĚĞEĂ+/Ca2+ 
ƵŝƚǁŝƐƐĞůĂĂƌEyϭĂůƐĨƵŶĐƟĞŽŵƐŶĞůŐƌŽƚĞŚŽĞǀĞĞůŚĞĚĞŶĂ2+ uit de cel te verwijderen. 
NCX1 is verantwoordelijk voor ongeveer 70% van de basolaterale Ca2+ uitscheiding. Net 
ĂůƐWD͕ŬŽŵƚEyϭŝŶďŝũŶĂĂůůĞĐĞůůĞŶŝŶŚĞƚůŝĐŚĂĂŵǀŽŽƌĞŶǌŝũŶǀŽŽƌEyϭĞǀĞŶĞĞŶƐ
ĚŝǀĞƌƐĞǀĂƌŝĂŶƚĞŶďĞƐĐŚƌĞǀĞŶ͘/Ŷhoofdstuk 6 is bepaald dat de varianten NCX1.2, NCX1.3 
ĞŶEyϭ͘ϳ ŝŶĚĞŵƵŝǌĞŶŶŝĞƌĂĂŶǁĞǌŝŐǌŝũŶ͕ĞŶŵĞĞƌƐƉĞĐŝĮĞŬ ŝŶŚĞƚĚŝƐƚĂĂůĐŽŶǀŽůƵƵƚ
ǀĂŶŚĞƚŶĞĨƌŽŶ͘sĂŶĂůůĞǀĂƌŝĂŶƚĞŶŬŽŵƚEyϭ͘ϯŚĞƚŚŽŽŐƐƚƚŽƚĞǆƉƌĞƐƐŝĞŝŶŚĞƚĚŝƐƚĂĂů
convoluut en daarom zijn de experimenten uitgevoerd met deze variant. Het gebruik van 
een NCX remmer vermindert de NCX1.3-gemedieerde Ca2+ opname in cellen. Daarnaast 
ŚĞĞŌƐƟŵƵůĞƌŝŶŐǀĂŶĐDWͬƉƌŽƚĞŝŶŬŝŶĂƐĞŽĨŐĞĞŶĞīĞĐƚŽƉĚĞĂ2+ opname in de 
cel via NCX1. Een vermindering van intracellulair Ca2+ǀĞƌůĂĂŐƚĚĞEyϭĂĐƟǀŝƚĞŝƚ͘
Conclusies en discussie
/Ŷhoofdstuk 7ǁŽƌĚƚŚĞƚ ŝŶĚŝƚƉƌŽĞĨƐĐŚƌŝŌďĞƐĐŚƌĞǀĞŶŽŶĚĞƌǌŽĞŬďĞĚŝƐĐƵƐƐŝĞĞƌĚĞŶ
samengevat. Met behulp van twee verschillende diermodellen is aangetoond dat de 
&'&ϮϯͲŬůŽƚŚŽͲǀŝƚĂŵŝŶĞĂƐĞŶĚĞĂ2+ en Pi huishouding gedereguleerd zijn bij chronische 
ŶŝĞƌƐĐŚĂĚĞ͘ĞŬůŝŶŝƐĐŚĞƉƌĞƐĞŶƚĂƟĞǀĂŶĐŚƌŽŶŝƐĐŚĞŶŝĞƌƐĐŚĂĚĞďŝũĚĞŵĞŶƐŬŽŵƚŵĂĂƌ
ŐĞĚĞĞůƚĞůŝũŬ ŽǀĞƌĞĞŶŵĞƚ ŚĞƚ ĚŝĞƌŵŽĚĞů͘ ŝũǀŽŽƌďĞĞůĚ͕ ŝŶ ĚĞ ƐƚƵĚŝĞ ǀĂŶhoofdstuk 2, 
hebben de behandelde muizen verhoogde Ca2+ en vitamine D bloedwaarden, terwijl dit 
ďŝũƉĂƟģŶƚĞŶŝŶĚĞŬůŝŶŝĞŬƚĞŐĞŶŽǀĞƌŐĞƐƚĞůĚŝƐ͘DŽŐĞůŝũŬůŝŐƚĚĞŽŽƌǌĂĂŬŝŶĚĞŽƉǌĞƚǀĂŶ
het experiment, zoals de duur van het experiment of het gebruikte model. 
ƌ ŝƐ ŶŽŐ ǀĞĞů ŽŶĚƵŝĚĞůŝũŬŚĞŝĚ ŽǀĞƌ ĚĞ ĂĐƟǀĂƟĞ ǀĂŶ ĚĞ &'&ϮϯͲƌĞĐĞƉƚŽƌ͘  ZĞĐĞŶƚǁĞƌĚ
ǀĞƌŽŶĚĞƌƐƚĞůĚĚĂƚ&'&ϮϯǌŝũŶĞīĞĐƚĞŶŬĞůŬŽŶƵŝƚǀŽĞƌĞŶŝŶĚĞĂĂŶǁĞǌŝŐŚĞŝĚǀĂŶĚĞĐŽͲ
ƌĞĐĞƉƚŽƌŬůŽƚŚŽ͕ŵĂĂƌŝŶĚĞďŝũƐĐŚŝůĚŬůŝĞƌĞŶŚĞƚŚĂƌƚŝƐĚŝƚŶŝĞƚǌŽ͘/ŶĚĞŶŝĞƌŝƐŬůŽƚŚŽǁĞů
ŶŽŽĚǌĂŬĞůŝũŬǀŽŽƌƌĞŐƵůĂƟĞǀĂŶďůŽĞĚWi en vitamine D. Echter, klotho is voornamelijk 
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ĂĂŶǁĞǌŝŐŝŶŚĞƚĚŝƐƚĂĂůĐŽŶǀŽůƵƵƚ͕ƚĞƌǁŝũůĚĞďŝŽůŽŐƐŝĐŚĞĞīĞĐƚĞŶŝŶĚĞƉƌŽǆŝŵĂůĞƚƵďƵůƵƐ
ƉůĂĂƚƐǀŝŶĚĞŶ͘ƌǌŝũŶǀĞƌƐĐŚŝůůĞŶĚĞŚǇƉŽƚŚĞƐĞƐŽŵĚĞǌĞ&'&ϮϯƉĂƌĂĚŽǆƚĞǀĞƌŬůĂƌĞŶ͘ĠŶ
ŚŝĞƌǀĂŶ ŝƐ ŚĞƚ ĚŝƐƚĂůĞͲŶĂĂƌͲƉƌŽǆŝŵĂůĞ ƚƵďƵůƵƐ ĨĞĞĚďĂĐŬŵĞĐŚĂŶŝƐŵĞ͕ ǁĂĂƌďŝũ ŝŶŝƟĞĞů
&'&ϮϯͲƌĞĐĞƉƚŽƌĂĐƟǀĂƟĞƉůĂĂƚƐǀŝŶĚƚ ŝŶŚĞƚĚŝƐƚĂĂůĐŽŶǀŽůƵƵƚĞŶĞĞŶƉĂƌĂĐƌŝĞŶĞĨĂĐƚŽƌ
vervolgens in de proximale tubulus werkzaam is. Een andere hypothese is de vorming 
ǀĂŶĞĞŶƌĞĐĞƉƚŽƌĐŽŵƉůĞǆǀĂŶĐŝƌĐƵůĞƌĞŶĚĞŬůŽƚŚŽŵĞƚĚĞ&'&ƌĞĐĞƉƚŽƌŝŶĚĞƉƌŽǆŝŵĂůĞ
ƚƵďƵůƵƐ͘ ůƐ ůĂĂƚƐƚĞ ǌŽƵĚĞŶ Ğƌ ŬůĞŝŶĞ ŚŽĞǀĞĞůŚĞĚĞŶ ŬůŽƚŚŽ ŝŶ ĚĞ ƉƌŽǆŝŵĂůĞ ƚƵďƵůƵƐ
ĂĂŶǁĞǌŝŐ ŬƵŶŶĞŶ ǌŝũŶ͘DŽŐĞůŝũŬ ĚĂƚ ĞĞŶ ĐŽŵďŝŶĂƟĞ ǀĂŶ ĚĞ ǀĞƌƐĐŚŝůůĞŶĚĞ ŚǇƉŽƚŚĞƐĞƐ
plaatsvindt, maar dit moet nog verder onderzocht worden. 
Het belang van klotho bij het ontstaan en de progressie van chronische nierschade, 
maar ook van de co-morbiditeiten is evident. Klotho kan een goede biomarker worden, 
dus is het van groot belang om een snelle en gevalideerde assay te ontwikkelen voor 
ĚĞĚĞƚĞĐƟĞǀĂŶŬůŽƚŚŽŝŶ ůŝĐŚĂĂŵƐǀůŽĞŝƐƚŽīĞŶ͘ĞĂƐƐĂǇƵŝƚhoofdstuk 4 is een eerste 
aanzet. Het is nog onduidelijk welke klotho fragmenten precies gemeten worden. Er 
ŵŽĞƚŐĞĚĞŐĞŶŽŶĚĞƌǌŽĞŬǁŽƌĚĞŶŐĞĚĂĂŶŶĂĂƌĚĞĂĩƌĂĂŬǀĂŶŬůŽƚŚŽĞŶǀĞƌƐĐŚŝůůĞŶĚĞ
factoren die hier invloed op kunnen uitoefenen, zoals enzymen, vries-dooi cycli en pH, 
omdat deze mogelijk gevolgen kunnen hebben voor de gemeten waarden.
Daarnaast zijn de nieren belangrijk voor de Ca2+ ŚƵŝƐŚŽƵĚŝŶŐĞŶŝŶĚŝƚƉƌŽĞĨƐĐŚƌŝŌŝƐĚĞ
Ca2+ uitscheiding door niercellen onderzocht. Hoofdstuk 5 ƚŽŽŶƚĂĂŶĚĂƚWDϰŐĞĞŶ
cruciale rol speelt in de normale Ca2+ balans. Naast Ca2+ ƵŝƚƐĐŚĞŝĚŝŶŐ͕ŝƐWDϰŽŽŬǀĂŶ
ďĞůĂŶŐŝŶǀĞƌƐĐŚŝůůĞŶĚĞĂĐƟǀĞƌŝŶŐƐƌŽƵƚĞƐŝŶĚĞĐĞů͕ĚƵƐŵŽŐĞůŝũŬŚĞĞŌŚĞƚĞĞŶĚĞƌŐĞůŝũŬĞ
ĨƵŶĐƟĞ ŝŶ ŚĞƚ ĚŝƐƚĂĂů ĐŽŶǀŽůƵƵƚ ǀĂŶ ĚĞ ŶŝĞƌ͘  sĞƌĚĞƌ ŝƐEyϭ͘ϯ ĚĞ ǀŽŽƌŶĂĂŵƐƚĞEyϭ
variant in het distaal convoluut. 
/ŶĚĞƚŽĞŬŽŵƐƚǁŽƌĚƚŚĞƚƐƚĞĞĚƐďĞůĂŶŐƌŝũŬĞƌŽŶĚĞƌǌŽĞŬƚĞǀĞƌƌŝĐŚƚĞŶŶĂĂƌŽƵĚĞƌĚŽŵƐǌŝĞŬƚĞŶ͕
ǁĂĂƌŽŶĚĞƌĐŚƌŽŶŝƐĐŚĞŶŝĞƌƐĐŚĂĚĞ͕ŽŵĚĂƚĚĞǀĞƌŐƌŝũǌŝŶŐǀĂŶĚĞǁĞƌĞůĚƉŽƉƵůĂƟĞƚŽĞŶĞĞŵƚ͘
De rol van klotho in nierschade, maar ook andere ziekten en lichaamsprocessen wordt 
ƐƚĞĞĚƐŵĞĞƌŽŶĚĞƌŬĞŶƚ͘ĞŶĂĂŵŬůŽƚŚŽŝƐĂĨŐĞůĞŝĚǀĂŶĚĞ'ƌŝĞŬƐĞŐŽĚŝŶClotho, die samen 
met haar twee zussen verantwoordelijk was voor de levensdraad van de mens. Mogelijk dat 
het eiwit klotho een dergelijke belangrijke rol speelt in ons levenslot. 
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>ŝƐƚŽĨĂďďƌĞǀŝĂƟŽŶƐ
1,25(OH)2D3  1,25-dihydroxyvitamin D3
1-alpha-OHase  25-hydroxyvitamin-D3-1-alpha-hydroxylase
ϱͬϲEǆ   WĂƌƟĂůŶĞƉŚƌĞĐƚŽŵǇ
D   ĂĚŝƐŝŶƚĞŐƌŝŶĂŶĚŵĞƚĂůůŽƉƌŽƚĞŝŶĂƐĞ
   ĂĚĞŶŝŶĞ
E<   ĂŶŬǇƌŝŶĚŽŵĂŝŶ
EKs   ĂŶĂůǇƐŝƐŽĨǀĂƌŝĂŶĐĞ
dW   ĂĚĞŶŽƐŝŶĞϱ͛ͲƚƌŝƉŚŽƐƉŚĂƚĞ
a.u.   arbitrary unit
 
WdͲD  ϭ͕ϮͲŝƐ;ϮͲĂŵŝŶŽƉŚĞŶŽǆǇͿĞƚŚĂŶĞͲE͕E͕E഻͕E഻ͲƚĞƚƌĂĂĐĞƟĐĂĐŝĚ
   tetrakis(acetoxymethyl ester) 
   ɴͲĂŵǇůŽŝĚƉƌĞĐƵƌƐŽƌƉƌŽƚĞŝŶĐůĞĂǀŝŶŐĞŶǌǇŵĞ
^   ďŽǀŝŶĞƐĞƌƵŵĂůďƵŵŝŶ
45Ca2+   ƌĂĚŝŽĂĐƟǀĞĂ2+ isotope
Ca2+   calcium ion
CaCl2    calcium chloride
CaM   calmodulin
ĐDW   ϯ͛Ͳϱ͛ͲĐǇĐůŝĐĂĚĞŶŽƐŝŶĞŵŽŶŽƉŚŽƐƉŚĂƚĞ
ĂWϵŬ   ĐĂůďŝŶĚŝŶͲ9k
ĂWϮϴŬ  ĐĂůďŝŶĚŝŶͲ28k
   Ă2+-binding domain
ĐE   ĐŽŵƉůĞŵĞŶƚE
CKD   chronic kidney disease
ŽŶ   ĐŽŶĐĂŶĂǀĂůŝŶ
Ed   ĐŽŶŶĞĐƟŶŐƚƵďƵůĞ
KW^   ĐŽŵƉůĞǆŽďũĞĐƚƉĂƌĂŵĞƚĞƌĂŶĂůǇǌĞƌĂŶĚƐŽƌƚĞƌ
C-terminus  carboxy terminus
ǇƉϮϰĂϭ  ĐǇƚŽĐŚƌŽŵĞWϰϱϬϮϰϭ;ϮϰͲŚǇĚƌŽǆǇůĂƐĞͿ
ǇƉϮϳďϭ  ĐǇƚŽĐŚƌŽŵĞWϰϱϬϮϳϭ;ϭͲĂůƉŚĂͲŚǇĚƌŽǆǇůĂƐĞͿ
DCT   distal convoluted tubule
DD   ĚƵůďĞĐĐŽ Ɛ͛ŵŽĚŝĮĞĚĞĂŐůĞŵĞĚŝƵŵ
DMSO   dimethylsulphoxide
E   ĚĞŽǆǇƌŝďŽŶƵĐůĞŝĐĂĐŝĚ
DTT   dithiolthreitol
d   ĞƚŚǇůĞŶĞĚŝĂŵŝŶĞƚĞƚƌĂĂĐĞƟĐĂĐŝĚ
'&   ĞƉŝĚĞƌŵĂůŐƌŽǁƚŚĨĂĐƚŽƌ
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'&W   ĞŶŚĂŶĐĞĚŐƌĞĞŶŇƵŽƌĞƐĐĞŶƚƉƌŽƚĞŝŶ
'd   ƚŚǇůĞŶĞŐůǇĐŽůͲďŝƐ;ϮͲĂŵŝŶŽĞƚŚǇůĞƚŚĞƌͿͲE͕E͕E഻͕E഻Ͳ
   ƚĞƚƌĂĂĐĞƟĐĂĐŝĚ
>/^   ĞŶǌǇŵĞͲůŝŶŬĞĚŝŵŵƵŶŽƐŽƌďĞŶƚĂƐƐĂǇ
Z   ĞŶĚŽƉůĂƐŵŝĐƌĞƟĐƵůƵŵ
ERK1/2   extracellular signal-regulated kinase 1/2
&'&Ϯϯ   ĮďƌŽďůĂƐƚŐƌŽǁƚŚĨĂĐƚŽƌϮϯ
&'&Z   ĮďƌŽďůĂƐƚŐƌŽǁƚŚĨĂĐƚŽƌƌĞĐĞƉƚŽƌ
Fors   forskolin
&ƵƌĂͲϮͲD  ĨƵƌĂͲϮͲĂĐĞƚŽǆǇŵĞƚŚǇůĞƐƚĞƌ
'W,   ŐůǇĐĞƌĂůĚĞŚǇĚĞͲϯͲƉŚŽƐƉŚĂƚĞĚĞŚǇĚƌŽŐĞŶĂƐĞ
'&W   ŐƌĞĞŶŇƵŽƌĞƐĐĞŶƚƉƌŽƚĞŝŶ
'&Z   ŐůŽŵĞƌƵůĂƌĮůƚƌĂƟŽŶƌĂƚĞ
HCl   hydrogen chloride
HEK293   human embryonic kidney 293 cells
HPRT   hypoxanthine-guanine phosphoribosyl transferase
HRP   horseradish peroxidase
,   ŚĞƚĞƌŽǌǇŐŽƵƐ
/50   ϱϬйŝŶŚŝďŝƚŽƌǇĐŽŶĐĞŶƚƌĂƟŽŶ
/Ő'   ŝŵŵƵŶŽŐůŽďƵůŝŶ'
/Őz   ŝŵŵƵŶŽďůŽďƵůŝŶz
/WͲ/   ŝŵŵƵŶŽƉƌĞĐŝƉŝƚĂƟŽŶͲŝŵŵƵŶŽďůŽƚ
K+   potassium ion
KCl   potassium chloride
kDa   kilo dalton
<,   <Z^Ͳ,ĞŶƐĞůĞŝƚ
KO   knockout
LaCl3   lanthanum chloride
MDCK   Madin-Darby canine kidney
MgCl2   magnesium chloride
Mg2+   magnesium ion
MMP   matrix metalloproteinase
ŵZE   ŵĞƐƐĞŶŐĞƌZE
n   sample size
NaCl   sodium chloride
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Na+   sodium ion
NaPi   Na+/Pi transporter
NCC   Na+-Cl- co-transporter
NCX   Na+/Ca2+ exchanger
E'>   ŶĞƵƚƌŽƉŚŝůŐĞůĂƟŶĂƐĞͲĂƐƐŽĐŝĂƚĞĚůŝƉŽĐĂůŝŶ
ED'   EͲŵĞƚŚǇůͲͲŐůƵĐĂŵŝŶĞ
N-terminus  amino terminus
W^   ƉŚŽƐƉŚĂƚĞďƵīĞƌĞĚƐĂůŝŶĞ
WZ   ƉŽůǇŵĞƌĂƐĞĐŚĂŝŶƌĞĂĐƟŽŶ
W/   ƉŽůǇĞƚŚǇůĞŶŝŵŝŶĞ
Pi   phosphate ion
W/W2   phosphatydyl inositol 4,5 bisphosphate
W<   ƉƌŽƚĞŝŶŬŝŶĂƐĞ
PKC   protein kinase C
WD   ƉůĂƐŵĂŵĞŵďƌĂŶĞĂ2+dWĂƐĞ
WD^&   ƉŚĞŶǇůŵĞƚŚĂŶĞƐƵůĨŽŶǇůŇƵŽƌŝĚĞ
PT   proximal tubule
PTH   parathyroid hormone
ROMK   renal outer medullary K+
Rhklotho  recombinant human klotho
 
^^ͲW'  ƐŽĚŝƵŵĚŽĚĞĐǇůƐƵůĨĂƚĞƉŽůǇĂĐƌǇůĂŵŝĚĞŐĞůĞůĞĐƚƌŽƉŚŽƌĞƐŝƐ
SE(M)   standard error (of the mean)
^Z   ƐĂƌĐŽƉůĂƐŵŝĐͬĞŶĚŽƉůĂƐŵŝĐƌĞƟĐƵůƵŵĂ2+ͲdWĂƐĞ
d/Z&   ƚŽƚĂůŝŶƚĞƌŶĂůƌĞŇĞĐƟŽŶŇƵŽƌĞƐĐĞŶĐĞ
TM   transmembrane
dE&ϰϴϰ   ŝŶŚŝďŝƚŽƌĂŐĂŝŶƐƚDƐĂŶĚDDWƐ
dE&Ͳɲ   ƚƵŵŽƌŶĞĐƌŽƐŝƐĨĂĐƚŽƌͲɲ
dW   ϭϮͲK-tetradecanoylphorbol-13-acetaat
dZWs   ƚƌĂŶƐŝĞŶƚƌĞĐĞƉƚŽƌƉŽƚĞŶƟĂůǀĂŶŝůůŽŝĚ
td   ǁŝůĚƚǇƉĞ
y/W   ĞǆĐŚĂŶŐĞƌŝŶŚŝďŝƚŽƌƉĞƉƟĚĞ
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Curriculum Vitae
9
ƵƌƌŝĐƵůƵŵsŝƚĂĞ
Ellen van Loon werd geboren op 1 maart 1988 te Deurne. Daar behaalde zij in 2006 
ŚĂĂƌ 'ǇŵŶĂƐŝƵŵ ĚŝƉůŽŵĂ ĂĂŶ ŚĞƚ WĞĞůůĂŶĚ ĐŽůůĞŐĞ Žŵ ǀĞƌǀŽůŐĞŶƐ ŝŽŵĞĚŝƐĐŚĞ
wetenschappen aan de Radboud Universiteit Nijmegen te studeren. Tijdens haar bachelor 
ŚĞĞŌǌĞĚƌŝĞŵĂĂŶĚĞŶĚŽŽƌŐĞďƌĂĐŚƚŽƉĚĞĂĨĚĞůŝŶŐ>ĂďŽƌĂƚŽƌŝƵŵ<ŝŶĚĞƌŐĞŶĞĞƐŬƵŶĚĞ
en Neurologie in het Radboudumc, onder leiding van Prof. Dr. L. van den Heuvel. Tijdens 
ŚĂĂƌDĂƐƚĞƌ ŚĞĞŌ ǌŝũ ĂůƐ ŽŶĚĞƌĚĞĞů ǀĂŶ ŚĞƚ ďŝũǀĂŬƌƵŐ ƌĞƐĞĂƌĐŚ ǀŝũĨŵĂĂŶĚĞŶ ƐƚĂŐĞ
ŐĞůŽƉĞŶĂĂŶŚĞƚ/ŶƐƟƚƵƚĞĨŽƌĞůůĂŶĚDŽůĞĐƵůĂƌŝŽƐĐŝĞŶĐĞƐ͕EĞǁĐĂƐƚůĞhŶŝǀĞƌƐŝƚǇ;h<Ϳ
ŝŶĚĞŐƌŽĞƉǀĂŶƌ͘ ͘ƌŽǁŶ͘,ŝĞƌŽŶĚĞƌǌŽĐŚƚůůĞŶĚĞĂĂŶǁĞǌŝŐŚĞŝĚǀĂŶǀĞƌƐĐŚŝůůĞŶĚĞ
transporteurs in de humane niercellijn HK2, om te beoordelen of deze cellijn geschikt 
ŝƐ ǀŽŽƌ ŽŶĚĞƌǌŽĞŬ ŶĂĂƌ ŵĞĚŝĐŝũŶĞŶ͘ ,ĂĂƌ ƐƚƵĚŝĞ ŚĞĞŌ ǌĞ ĂĨŐĞƌŽŶĚ ŵĞƚ ĞĞŶ ƐƚĂŐĞ
van negen maanden als onderdeel van het hoofdvak Pathobiologie op de afdeling 
&ǇƐŝŽůŽŐŝĞ͕ŽŶĚĞƌůĞŝĚŝŶŐǀĂŶƌ͘ ^͘sĞƌŬĂĂƌƚĞŶWƌŽĨ͘ ƌ͘ :͘,ŽĞŶĚĞƌŽƉ͘,ŝĞƌďĞƐƚƵĚĞĞƌĚĞ
ze de rol van klotho als co-receptor in het signaleringsproces van het fosfaat hormoon 
ĮďƌŽďůĂƐƚ ŐƌŽǁƚŚ ĨĂĐƚŽƌ ;&'&ͿϮϯ͘ ,ĂĂƌ D^Đ ĚŝƉůŽŵĂ ďĞŚĂĂůĚĞ ǌŝũ ŝŶ ĂƵŐƵƐƚƵƐ ϮϬϭϭ
ŵĞƚĚĞ ƚŽĞǀŽĞŐŝŶŐďĞŶĞŵĞƌŝƚƵŵ͘ /Ŷ ĨĞďƌƵĂƌŝ ϮϬϭϮ ƐƚĂƌƩĞ ǌŝũ ĂůƐ ƉƌŽŵŽǀĞŶĚĂŽƉĚĞ
ĂĨĚĞůŝŶŐ&ǇƐŝŽůŽŐŝĞďŝŶŶĞŶŚĞƚZĂĚďŽƵĚ /ŶƐƟƚƵƚĞ ĨŽƌDŽůĞĐƵůĂƌ >ŝĨĞ ^ĐŝĞŶĐĞƐ ;Z/D>^Ϳ͕
ŽŶĚĞƌĚĞĞůǀĂŶŚĞƚZĂĚďŽƵĚƵŵĐ͕ǁĂƚŚĞĞŌŐĞůĞŝĚƚŽƚŚĞƚŝŶĚŝƚƉƌŽĞĨƐĐŚƌŝŌďĞƐĐŚƌĞǀĞŶ
ŽŶĚĞƌǌŽĞŬ͘ŝƚŽŶĚĞƌǌŽĞŬǁĂƐŐĞƐƵďƐŝĚŝĞĞƌĚĚŽŽƌĚĞEŝĞƌƐƟĐŚƟŶŐĞŶǁĂƐŽŶĚĞƌĚĞĞů
ǀĂŶŚĞƚE/'ZDĐŽŶƐŽƌƟƵŵ͕ĞĞŶƐĂŵĞŶǁĞƌŬŝŶŐƚƵƐƐĞŶĚĞĂĐĂĚĞŵŝƐĐŚĞǌŝĞŬĞŶŚƵŝǌĞŶ
ŝŶEŝũŵĞŐĞŶ͕'ƌŽŶŝŶŐĞŶĞŶŵƐƚĞƌĚĂŵ͘,ŝĞƌǁĞƌĚŐĞŬĞŬĞŶŶĂĂƌĚĞƌŽůǀĂŶĚĞŚŽƌŵŽŶĞŶ
&'&Ϯϯ͕ ŬůŽƚŚŽ ĞŶ ǀŝƚĂŵŝŶĞ  ĞŶ ĚĞ ƐĂŵĞŶŚĂŶŐ ŵĞƚ ĐŚƌŽŶŝƐĐŚĞ ŶŝĞƌƐĐŚĂĚĞ͘ ŝŶŶĞŶ
ŚĞƚ ĐŽŶƐŽƌƟƵŵ ǁĂƐ ŚĂĂƌ ŽŶĚĞƌǌŽĞŬ ŐĞƌŝĐŚƚ ŽƉ ĚĞ ĨƵŶĐƟĞ ǀĂŶ ŬůŽƚŚŽ ŝŶ Ěŝƚ ƉƌŽĐĞƐ͕
ŽƉŵŽůĞĐƵůĂŝƌ ŶŝǀĞĂƵ͘ĂĂƌŶĂĂƐƚŚĞĞŌĚĞŶĂƚƌŝƵŵͬĐĂůĐŝƵŵƵŝƚǁŝƐƐĞůĂĂƌ ;EyϭͿĞŶĚĞ
ƉůĂƐŵĂŵĞŵďƌĂĂŶĐĂůĐŝƵŵdWĂƐĞ;WDͿďĞƐƚƵĚĞĞƌĚ͕ǁĞůŬĞŚĞƚĐĂůĐŝƵŵƵŝƚĚĞĚŝƐƚĂůĞ
ƚƵďƵůƵƐ ƚƌĂŶƐƉŽƌƚĞƌĞŶ ƌŝĐŚƟŶŐŚĞƚďůŽĞĚ͘ĞŚĞĞŌŚĂĂƌǁĞƌŬŽƉĚŝǀĞƌƐĞŶĂƟŽŶĂůĞĞŶ
ŝŶƚĞƌŶĂƟŽŶĂůĞĐŽŶŐƌĞƐƐĞŶŐĞƉƌĞƐĞŶƚĞĞƌĚǁĂĂƌŽŶĚĞƌĚĞEĞĚĞƌůĂŶĚƐĞEĞĨƌŽůŽŐŝĞĚĂŐĞŶ
ĞŶĚĞ ũĂĂƌůŝũŬƐĞ ǀĞƌŐĂĚĞƌŝŶŐ ǀĂŶĚĞŵĞƌŝĐĂŶ ^ŽĐŝĞƚǇ ŽĨEĞƉŚƌŽůŽŐǇ͘ dĞǀĞŶƐŚĞĞŌ ǌĞ
binnen haar onderzoek samengewerkt met diverse artsen en onderzoekers in binnen- 
ĞŶďƵŝƚĞŶůĂŶĚ͕ǁĂƚŚĞĞŌŐĞůĞŝĚƚŽƚĚŝǀĞƌƐĞŵĂŶƵƐĐƌŝƉƚĞŶ͕ďĞƐĐŚƌĞǀĞŶŝŶĚŝƚƉƌŽĞĨƐĐŚƌŝŌ͘
ĂĂƌŶĂĂƐƚ ŚĞĞŌ ǌĞ ƐƚƵĚĞŶƚĞŶ ŝŽŵĞĚŝƐĐŚĞ ǁĞƚĞŶƐĐŚĂƉƉĞŶ ĞŶ DĞĚŝƐĐŚĞ ďŝŽůŽŐŝĞ
ďĞŐĞůĞŝĚƟũĚĞŶƐŚƵŶƐƚĂŐĞŽƉĚĞĂĨĚĞůŝŶŐ&ǇƐŝŽůŽŐŝĞ͘
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Chapter 9
>ŝƐƚŽĨƉƵďůŝĐĂƟŽŶƐ
sĂŶ>ŽŽŶW͕>ŝƩůĞZ͕WƌĞŚĂƌ^͕ŝŶĚĞůƐZ:͕ĂƌƚǁƌŝŐŚƚ:͕,ŽĞŶĚĞƌŽƉ:,͘;ϮϬϭϲͿĂůĐŝƵŵ
ĞǆƚƌƵƐŝŽŶƉƵŵƉWDϰ͗ŶĞǁƉůĂǇĞƌŝŶƌĞŶĂůĐĂůĐŝƵŵŚĂŶĚůŝŶŐ͍W>K^KE͘11: e0153483
WƵůƐŬĞŶƐ͕tW#͕sĞƌŬĂŝŬ͕D#, Sheedfar, F#, van Loon, EP͕ǀĂŶĚĞ^ůƵŝƐ͕͕sĞƌǀůŽĞƚ͕D'͕
,ŽĞŶĚĞƌŽƉ:'͕ŝŶĚĞůƐZ:͘ ;ϮϬϭϱͿĞƌĞŐƵůĂƚĞĚƌĞŶĂůĐĂůĐŝƵŵĂŶĚƉŚŽƐƉŚĂƚĞƚƌĂŶƐƉŽƌƚ
during experimental kidney failure. W>K^KE 10, e0142510
sĂŶĚĞƌ,ĂŐĞŶ#, van Loon EP#͕sĞƌŬĂĂƌƚ^͕>ĂƩĂ&͕ ŝŶĚĞůƐZ:͕,ŽĞŶĚĞƌŽƉ:'͘;ϮϬϭϱͿ
The sodium/calcium exchanger 1 variant 3 as the major extrusion system in renal distal 
tubular transcellular Ca2+-transport. EĞƉŚƌŽŶ. 131:145-52
sĂŶ>ŽŽŶW͕WƵůƐŬĞŶƐtW͕ ǀĂŶĚĞƌ,ĂŐĞŶ͕>ĂǀƌŝũƐĞŶD͕sĞƌǀůŽĞƚD'͕ǀĂŶ'ŽŽƌ,͕
ŝŶĚĞůƐ Z:͕ ,ŽĞŶĚĞƌŽƉ :'͘ ;ϮϬϭϱͿ ^ŚĞĚĚŝŶŐ ŽĨ ŬůŽƚŚŽ ďǇ DƐ ŝŶ ƚŚĞ ŬŝĚŶĞǇ͘ŵ :
WŚǇƐŝŽůZĞŶĂůWŚǇƐŝŽů͘309:F359-68
DĞŶĐŬĞZ͕,ĂƌŵƐ'͕DŝƌŬŽǀŝđ<͕^ƚƌƵŝŬ :͕sĂŶƌŬ :͕sĂŶ>ŽŽŶ͕sĞƌŬĂŝŬD͕ĞŽƌƐƚ
D,͕ĞĞďƌĞŐƚƐ:͕,ŽĞŶĚĞƌŽƉ:'͕sĞƌǀůŽĞƚD'͕,ŝůůĞďƌĂŶĚƐ:>͘;ϮϬϭϱͿDĞŵďƌĂŶĞͲďŽƵŶĚ
ŬůŽƚŚŽ ŝƐ ŶŽƚ ĞǆƉƌĞƐƐĞĚ ĞŶĚŽŐĞŶŽƵƐůǇ ŝŶ ŚĞĂůƚŚǇ Žƌ ƵƌĂĞŵŝĐ ŚƵŵĂŶ ǀĂƐĐƵůĂƌ ƟƐƐƵĞ͘
ĂƌĚŝŽǀĂƐĐZĞƐ͘ 108:220-31
:ĞŶŬŝŶƐŽŶ ^͕ ŚƵŶŐ 't͕ van Loon E͕ ĂŬĂƌ E^͕ ĂůǌĞůů D͕ ƌŽǁŶ ͘ ;ϮϬϭϮͿ dŚĞ
ůŝŵŝƚĂƟŽŶƐŽĨƌĞŶĂůĞƉŝƚŚĞůŝĂůĐĞůů ůŝŶĞ,<ͲϮĂƐĂŵŽĚĞůŽĨĚƌƵŐƚƌĂŶƐƉŽƌƚĞƌĞǆƉƌĞƐƐŝŽŶ
ĂŶĚĨƵŶĐƟŽŶŝŶƚŚĞƉƌŽǆŝŵĂůƚƵďƵůĞ͘WŇƺŐĞƌƐƌĐŚ͘ 464:601-11
 
ηdŚĞƐĞĂƵƚŚŽƌƐĐŽŶƚƌŝďƵƚĞĚĞƋƵĂůůǇƚŽƚŚŝƐǁŽƌŬ
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Z/D>^ƉŽƌƞŽůŝŽ
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Z/D>^ƉŽƌƞŽůŝŽ
Name PhD student: ͘W͘D͘ǀĂŶ>ŽŽŶ
Department: WŚǇƐŝŽůŽŐǇ
Research School: ZĂĚďŽƵĚ/ŶƐƟƚƵƚĞĨŽƌDŽůĞĐƵůĂƌ
>ŝĨĞ^ĐŝĞŶĐĞƐ
PhD period: ϭϱͲϬϮͲϮϬϭϮͲϭϰʹϭϰͲϬϮͲϮϬϭϲ
WƌŽŵŽƚŽƌ;ƐͿ͗ WƌŽĨ͘ ƌ͘ :ŽŽƐƚ'͘:͘,ŽĞŶĚĞƌŽƉ͕
WƌŽĨ͘ ƌ͘ ZĞŶĞ:͘D͘ŝŶĚĞůƐ
ŽͲƉƌŽŵŽƚŽƌ;ƐͿ͗ƌDĂƌĐ'͘sĞƌǀůŽĞƚ
zĞĂƌ;ƐͿ ECTS
dZ/E/E'd/s/d/^
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,/E'd/s/d/^
Lecturing
tŽƌŬŐƌŽƵƉ;ŝŽͿŵĞĚŝĐĂůƐƚƵĚĞŶƚƐ
KKĐŽŵƉƵƚĞƌƉƌĂĐƟĐƵŵ
2015
2015
0.2
0.2
Students
^ƵƉĞƌǀŝƐŝŽŶůŝŶĞsĞƌŵƵĞ
^ƵƉĞƌǀŝƐŝŽŶŚŝĞůǀĂŶ'ĞīĞŶ
2013-2014
2014
2
1
TOTAL ϯϬ͘ϰ
/ŶĚŝĐĂƚĞ ŽƌĂůĂŶĚƉŽƐƚĞƌƉƌĞƐĞŶƚĂƟŽŶƐǁŝƚŚĂΎĂŶĚηĂŌĞƌƚŚĞŶĂŵĞŽĨƚŚĞĂĐƟǀŝƚǇ͕ƌĞƐƉĞĐƟǀĞůǇ͘
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ĂŶŬǁŽŽƌĚ
Daar ligt het dan… na 4,5 jaar hard werken, tegenvallers, niet-reproduceerbare resultaten, 
ŬůŽƚĞƵƵƵŚŬůŽƚŚŽŽŶĚĞƌǌŽĞŬĞŶƐŽŵƐůĂƐƟŐĞďĂǌĞŶ͘ĂĂƌŶĂĂƐƚǁĂƌĞŶĞƌŐĞůƵŬŬŝŐŽŽŬ
ǀŽŽƌĂůŐĞǌĞůůŝŐĞƵƌĞŶŝŶĞŶďƵŝƚĞŶŚĞƚ ůĂďŵĞƚĐŽůůĞŐĂ Ɛ͕͛ǌŝŶŐĞŶĚĞŶƉŝƉƉĞƚĞƌĞŶĚ͕ĮũŶĞ
samenwerkingen en interessante hypotheses. 
/ŶĚĞĂĨŐĞůŽƉĞŶũĂƌĞŶŚĞďŝŬĞƌŐǀĞĞůŐĞůĞĞƌĚ͕ŵĂĂƌǁĂƚŵĞŚĞƚŵĞĞƐƚĞďŝũǌĂůďůŝũǀĞŶ͕ǌŝũŶ
ĂůůĞŵĞŶƐĞŶĚŝĞŝŬŚĞďůĞƌĞŶŬĞŶŶĞŶŐĞĚƵƌĞŶĚĞĚĞǌĞƟũĚ͘:ƵůůŝĞǁĂƌĞŶĞƌǀŽŽƌŵĞĂůƐŚĞƚ
soms niet helemaal ging zoals ik voor ogen had, of we vierden juist goede resultaten met 
ŽǀĞƌǁŝŶŶŝŶŐƐĚĂŶƐũĞƐŽĨƚĂĂƌƚ͘/ŬǁŝůũƵůůŝĞŚŝĞƌĚĂŶŽŽŬĂůůĞŵĂĂůŚĞĞůĞƌŐǀŽŽƌďĞĚĂŶŬĞŶ͘
ůƐĞĞƌƐƚĞ:ŽŽƐƚĞŶZĞŶĠ͘ĞƐƚĞ:ŽŽƐƚ͕ŝŬďůŝũĨĞƌƐŽŵƐǀĞƌƐƚĞůĚǀĂŶƐƚĂĂŶŚŽĞũŝũ;ǁĂƚŝŬ
ǌŝĞĂůƐͿŶĞŐĂƟĞǀĞƌĞƐƵůƚĂƚĞŶƉŽƐŝƟĞĨŬƵŶƚďƌĞŶŐĞŶ͘ĂƚŝƐŝĞƚƐǁĂƚũĞŵĞŐĞůĞĞƌĚŚĞďƚ͕ĞŶ
ǁĂĂƌŝŬŽŽŬŶŽŐǀĞĞůĂĂŶǌĂůŚĞďďĞŶ͘:ĞǌŽƌŐĚĞĞƌǀŽŽƌĚĂƚǁĞŐĞĨŽĐƵƐƚǁĂƌĞŶĞŶĚĂƚĞƌ
ĂĂŶŚĞƚĞŝŶĚĞǀĂŶǀŝĞƌũĂĂƌĞĞŶŵŽŽŝďŽĞŬũĞŬůĂĂƌůŝŐƚ͘ĞĚĂŶŬƚǀŽŽƌĂůůĞƐ͕ǀŽŽƌĚĞƚŚĞĞ
ƟũĚĞŶƐƚƌĞŝŶƌĞŝǌĞŶŶĂĂƌĚĞE/'ZD͕ĚĞĚƌŽƉũĞƐĞŶĚĞƌĞŝƐǀĞƌŚĂůĞŶ͘
ĞƐƚĞ ZĞŶĠ͕ ĚĞ ŐĞŽůŝĞĚĞŵĂĐŚŝŶĞ͕ ďĞƚĞƌ ďĞŬĞŶĚ ĂůƐ ͞ĂĨĚĞůŝŶŐ &ǇƐŝŽůŽŐŝĞ͕͟  ŝƐ ĂůůĞŵĂĂů
ƚĞĚĂŶŬĞŶĂĂŶ ũŽƵǁŽƌŐĂŶŝƐĂƟĞǀĂĂƌĚŝŐŚĞĚĞŶ͘ :Ğ ǌŽƌŐƚ ǀŽŽƌĞĞŶŐŽĞĚĞ ŝŶƚĞƌŶĂƟŽŶĂůĞ
afdeling die “a great place to be” is en waar “physiomics next level” wordt uitgeoefend! 
ĞĚĂŶŬƚǀŽŽƌĚĞďĞŐĞůĞŝĚŝŶŐĞŶŬĞŶŶŝƐĚŝĞũĞŵĞŚĞďƚŵĞĞŐĞŐĞǀĞŶ͘
ĞƐƚĞDĂƌĐ͕ŝŬďĞŶĞƌŐďůŝũĚĂƚũĞĂůƐĐŽͲƉƌŽŵŽƚŽƌĞƌďŝũďĞŶƚ͘:ĞƵŝƚŐĞďƌĞŝĚĞŬĞŶŶŝƐŽǀĞƌ
&'&ϮϯĞŶŬůŽƚŚŽŝŶĐŽŵďŝŶĂƟĞŵĞƚũĞŬůŝŶŝƐĐŚĞĂĐŚƚĞƌŐƌŽŶĚǁĂƐĞĞŶŵĞĞƌǁĂĂƌĚĞǀŽŽƌ
ŵŝũŶŽŶĚĞƌǌŽĞŬĞŶƉƌŽĞĨƐĐŚƌŝŌ͘ĞĚĂŶŬƚǀŽŽƌŚĞƚŵĞĞĚĞŶŬĞŶ͊
WĞƚĞƌ͕ ďĞĚĂŶŬƚǀŽŽƌũĞŬƌŝƟƐĐŚĞǀƌĂŐĞŶƟũĚĞŶƐĚĞ&>D͕ŵĂĂƌŽŽŬĚĞŐĞǌĞůůŝŐĞƉƌĂĂƚũĞƐ
ƟũĚĞŶƐƉĂƵǌĞƐŽĨĂĨĚĞůŝŶŐƐƵŝƚũĞƐ͊
ĞƐƚĞE/'ZDŵĞƌƐ͗WŝĞƚ͕'ĞƌͲ:ĂŶ͕:ĂŶͲ>ƵƵŬ͕DĂƌƟŶ͕DĞůŝƐƐĂ͕ZŝŬ͕ĂůƚũĞ͕Ě͕ŚĂƌůŽƩĞ͕
:ĞůŵĞƌĞŶDĂĂƌƚĞŶ͘,ĞƚŝƐŚĞĞůĞƌŐůĞƵŬĚĞĞůƵŝƚƚĞŵĂŬĞŶǀĂŶĞĞŶĐŽŶƐŽƌƟƵŵĞŶǀŽŽƌĂů
ŽŽŬĚĞǌĞ͊,ĞƚĐŽŶƐŽƌƟƵŵƐƟŵƵůĞĞƌƚƐĂŵĞŶǁĞƌŬŝŶŐĞŶƚƵƐƐĞŶĂƌƚƐĞŶĞŶŽŶĚĞƌǌŽĞŬĞƌƐ
ǀĂŶ ǀĞƌƐĐŚŝůůĞŶĚĞ ĐĞŶƚƌĂ ĞŶ ŚŝĞƌƵŝƚ ǌŝũŶ ĚĂŶ ŽŽŬŵĞĞƌĚĞƌĞ ĂƌƟŬĞůĞŶ ǀŽŽƌƚ ŐĞŬŽŵĞŶ͘
ŽǀĞŶĚŝĞŶŚĞďďĞŶũƵůůŝĞĞƌǀŽŽƌŐĞǌŽƌŐĚĚĂƚŝŬƐŽŵƐƵŝƚŵŝũŶĨƵŶĚĂŵĞŶƚĞůĞŽŶĚĞƌǌŽĞŬ
ǁĞƌĚŐĞƚƌŽŬŬĞŶŽŵƚĞŬŝũŬĞŶǁĂƚǀŽŽƌĞīĞĐƚŚĞƚŽƉĚĞŬůŝŶŝĞŬǌŽƵŚĞďďĞŶ͘/ŬǀŽŶĚĚĞ
ǀĞƌŐĂĚĞƌŝŶŐĞŶĂůƟũĚĞƌŐůĞƵŬĞŶŝŬŚĞďĞƌĚĂŶŽŽŬǀĞĞůǀĂŶŐĞůĞĞƌĚ͘
/ǁŽƵůĚĂůƐŽůŝŬĞƚŽƚŚĂŶŬŵǇĐŽůůĂďŽƌĂƚŽƌƐǁŚŽŚĞůƉĞĚŵĞƌĞĂůŝǌŝŶŐƚŚĞŶŝĐĞĐŚĂƉƚĞƌƐŝŶ
ƚŚŝƐƚŚĞƐŝƐ͘&ŝƌƐƚŽĨĐŽƵƌƐĞEŝĐŽůĂŝ͗ƚŚĞŬůŽƚŚŽ>/^ŝƐĂůĂďŽƌŝŽƵƐƉƌŽũĞĐƚĂŶĚ/ǁŽƵůĚůŝŬĞ
to thank you very much for all the hard work and trial and errors you put in it. Klotho…
ǁŚĂƚ Ɛ͛ ŝŶĂŶĂŵĞ͘KŽŬŶŶĞŬĞǁŝů ŝŬďĞĚĂŶŬĞŶǀŽŽƌŚĂĂƌŚƵůƉŵĞƚĚĞ>/^ĞŶ&ƌĞĚ
Sweep voor de supervisie. Elizabeth and Robert, thank you for having me in Manchester. 
/ƚ ǁĂƐ ůŽǀĞůǇ ďĞŝŶŐ ƚŚĞƌĞ ĨŽƌ ƚǁŽǁĞĞŬƐ ĂŶĚ ĐŽůůĂďŽƌĂƟŶŐ ƚŽ ĮŶŝƐŚ ǁŝƚŚ Ă ŶŝĐĞ ĞŶĚ
product. Harry, ook jou wil ik graag bedanken voor je hulp met mijn eerste verhaal!
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Lieve Liz, als het goed is weet je wel hoe super ik het vind, dat ik de eer heb gehad 
ŽŵĚƌŝĞũĂĂƌŶĂĂƐƚũĞƚĞŵŽŐĞŶǌŝƩĞŶ͘/ŬǀŽŶĚŚĞƚŚĞĞƌůŝũŬ͊:ĞŐĞǌĞůůŝŐŚĞŝĚ͕ŽƉƟŵŝƐŵĞ͕
eigen gemaakte opmerkingen en valse gezang hebben ervoor gezorgd dat ik met plezier 
ŶĂĂƌ ŚĞƚ ǁĞƌŬ ŐŝŶŐ͘ DĂĂƌ ĚĂĂƌŶĂĂƐƚ ŚĞď ŝŬ ŽŽŬ ďĞǁŽŶĚĞƌŝŶŐ ǀŽŽƌ ũĞ ĞĸĐŝģŶƟĞ͕ ũĞ
ĚŽŽƌǌĞƫŶŐƐǀĞƌŵŽŐĞŶĞŶũĞϱϬϬ͘ϬϬϬǁŽŽƌĚĞŶƉĞƌĚĂŐ͘ŝũũŽƵĞŶ:ŽƐŬĂŶŝŬĂůƟũĚƚĞƌĞĐŚƚ
ĂůƐĞƌŝĞƚƐŝƐ͘/ŬŚĞďũĞĞƌŐŐĞŵŝƐƚŚĞƚůĂĂƚƐƚĞũĂĂƌŝŶŚĞƚůĂď͕ŵĂĂƌŝŬďĞŶŚĞĞůĞƌŐĚĂŶŬďĂĂƌ
ĚĂƚŝŬĂůƟũĚŽƉũĞŵŽĐŚƚĞŶŵĂŐƌĞŬĞŶĞŶ͕ŽŽŬǀĂŶĚĂĂŐ͘
>ŝĞǀĞ^ ũŽĞƌĚ͕ƚũĂ͙ŵĞƚũŽƵŝƐŚĞƚĂůůĞŵĂĂůďĞŐŽŶŶĞŶ͘:ĞĞŶƚŚŽƵƐŝĂƐŵĞŽǀĞƌĚĞǁĞƚĞŶƐĐŚĂƉ
ŚĞĞŌŵĞŽǀĞƌƚƵŝŐĚŽŵĞĞŶWŚƚĞŐĂĂŶĚŽĞŶ͘^ĂŵĞŶďĞĚĞŶŬĞŶŚŽĞƵŝƚŬŽŵƐƚĞŶǀĂŶ
ĞǆƉĞƌŝŵĞŶƚĞŶƉĂƐƐĞŶ ŝŶŽŶǌĞŚǇƉŽƚŚĞƐĞƐ ǀŽŶĚ ŝŬ ŐĞǁĞůĚŝŐ͊ /Ŭ ǀĞƌďĂĂƐŵĞ ƐŽŵƐŚŽĞ
ũŝũĂůƟũĚǁĞĞƌŶŝĞƵǁĞŝĚĞĞģŶŬƵŶƚǀĞƌǌŝŶŶĞŶ͘ŶĂůŚŽĞǁĞůŚĞƚǀĂĂŬ͞ŐŽĞĚƵŝƚŐĞǀŽĞƌĚĞ
ĞǆƉĞƌŝŵĞŶƚĞŶ͟ ǌŝũŶ͕ ŬǁĂŵĞƌ ŚĞůĂĂƐ ŶŝĞƚ ĂůƟũĚ ƵŝƚǁĂƚǁĞ ŚŽŽƉƚĞŶ͕ŵĂĂƌ ƚŽĐŚ ďůĞĞĨ
ũĞ ŽƉƟŵŝƐƟƐĐŚ͊ ĂĂƌŶĂĂƐƚǁĞĞƚ ũĞ ĞŶŽƌŵ ǀĞĞů͕ ĞŶǁĂƚ ũĞ ŶŝĞƚǁĞĞƚ͕ ĚĂƚ ǌŽĞŬ ũĞ ŽƉ͘
Misschien moet je wel nog leren om fatsoenlijk ballen te gooien… Ook buiten het lab 
ǁĂƐŝŬĂůƟũĚǁĞůŬŽŵďŝũũŽƵĞŶsŝǀŝĞŶŶĞĞŶŝŬǀĞƌŚĞƵŐŵĞĂůǁĞĞƌŽƉĞĞŶďďƋďŝũũƵůůŝĞ͊
ĞĂƌ^ƵƉĞƌƌĞƚĂƌĚƐ͊/ŚĂĚĂŐƌĞĂƚƟŵĞǁŝƚŚǇŽƵĂůůŝŶĂŶĚŽƵƚƐŝĚĞƚŚĞůĂď͊ĞĂƌ>ĂƵƌŝĂŶĞ͕
/ĂĚŵŝƌĞƚŚĂƚǇŽƵƐŝŶŐůĞͲŚĂŶĚĞĚůǇŵĂŶĂŐĞĚǇŽƵƌŽǁŶƉƌŽũĞĐƚŝŶƚŚĞůĂďĂŶĚǇŽƵŶĞǀĞƌ
ĐŽŵƉůĂŝŶĞĚ͊/ƌĞĂůůǇĞŶũŽǇĞĚǇŽƵĂƐŵǇƌŽŽŵŵĂƚĞĚƵƌŝŶŐƐĞǀĞƌĂůŽĐĐĂƐŝŽŶƐĂŶĚŽĨĐŽƵƌƐĞ
ŵǇǁŽŶĚĞƌĨƵůƚƌŝƉƚŽWĂƌŝƐ͊/ƐƟůůƚŚŝŶŬŵǇďĞƐƚƌĞƐƵůƚĚƵƌŝŶŐŵǇWŚŝƐŽƵƌůƵĞŐĂŵĞ͘
ĞĂƌ^ĂďŝŶĂ͕ ƚŚĞWŽůŝƐŚŵŽƚŚĞƌ͘  / ůŽǀĞĚŚĂǀŝŶŐǇŽƵ ŝŶƚŚĞ ůĂďĂŶĚŵĂŬŝŶŐ ũŽŬĞƐ͘ /ǁŝůů
never forget our trip to Philadelphia, in the one star hotel with cupboard window, the 
ǀŽĚŬĂͲůĞŵŽŶ͕ƚŚĞϰĚĂĂŐƐĞďĂƌĚĂŶĐĞĂŶĚ&/Z>>͘
DĂƌĐŽ͙ǁŚĂƚĐĂŶ/ƐĂǇ͙/ƌĞĂůůǇĞŶũŽǇĞĚůŝǀŝŶŐǁŝƚŚǇŽƵ͘zŽƵĂƌĞĨƵŶŶǇ͕ ƌĞůĂǆĞĚĂŶĚĂ
ŐŽŽĚďƌĞĂŬĨĂƐƚŵĂŬĞƌ͘ tŚĞŶ / ĐŽŵĞ ƚŽ ƐĞĞ ǇŽƵ ŝŶDĞǆŝĐŽ͕ / ŚŽƉĞŵǇ^ƉĂŶŝƐŚǁŝůů ďĞ
improved…
WĂĐŽ͕ƚŚĞĮƐŚǇ͕ ^ƉĂŶŝƐŚŐƵǇ͘/ĞŶũŽǇĞĚƉůĂǇŝŶŐĨŽŽƚďĂůůŝƚŽ͕ǁĂƚĐŚĨŽŽƚďĂůůŝŶƚŚĞ^ƉĂŶŝƐŚ
ĐƵůƚƵƌĂůĐĞŶƚĞƌĂŶĚůĞĂƌŶŝŶŐĂďŽƵƚĮƐŚ͘
^Ăŵŝ͕ ŵǇ ĐĂůĐŝƵŵƉĂƌƚŶĞƌ ŝŶ ĐƌŝŵĞ͘ ůƚŚŽƵŐŚ ǇŽƵ ŚĂǀĞ Ă ƚŽƵŐŚ ƉƌŽũĞĐƚ͕ ǇŽƵ ĂƌĞ ƐƟůů
ƐƵƌǀŝǀŝŶŐ͘/ƚŚŝŶŬƚŚĞĐŝůŝĂŽŶǇŽƵƌŚĞĂĚǁŝůůŬĞĞƉǇŽƵŝŶƚŚĞƌŝŐŚƚŇŽǁ͙/ĐĂŶĂůǁĂǇƐĐƵƚ
ƚŚĞŵŽīĨŽƌǇŽƵ͙
:ĞŶŶǇ͕ ŶĂĚĂƚ>ŝǌǁĞŐǁĂƐ͕ŵŽĞƐƚ ŝŬĞǀĞŶ͞ŚĞƌƐƚĞůůĞŶ͘͟ 'ĞůƵŬŬŝŐŬǁĂŵũŝũŐĂƵǁŐĞŶŽĞŐ
ƚĞŐĞŶŽǀĞƌŵĞǌŝƩĞŶĞŶĚĂĂƌǁĂƐŝŬŚĞĞůďůŝũŵĞĞ͘:ŽƵǁƌƵƐƚ͕ƌĞůĂƟǀĞƌŝŶŐƐǀĞƌŵŽŐĞŶĞŶ
ƌĂďĂŶƚƐĞƵŝƚƐƉƌĂŬĞŶ ;͞dŝƐŵŽĞŝůŝũŬ ƚĂŶĚũĞƐ ƌĂƉĞŶŵŝ ŐĞďƌŽŬĞŶ ǀŝŶŐĞƌƐ͊͟Ϳ ŚĞďďĞŶŵĞ
door dat laatste jaar geholpen! 
͞ DŝũŶƉŽƐƚĚŽĐ͕͟ tŝůĐŽ͘,ĞĞůĞƌŐďĞĚĂŶŬƚǀŽŽƌŚĞƚŵĞĞĚĞŶŬĞŶĂĂŶŵŝũŶƉƌŽũĞĐƚĞŶŚĞůƉĞŶ
ƵŝƚǀŽĞƌĞŶǀĂŶŚĞƚĚŝĞƌĞǆƉĞƌŝŵĞŶƚ͘/ŬŚĞďǀĞĞůǀĂŶũĞŐĞůĞĞƌĚĞŶŚĞƚǁĂƐĞƌŐŐĞǌĞůůŝŐ͕ŽŽŬ
de lunches daarna! 
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ůŝŶĞ͕ďĞĚĂŶŬƚǀŽŽƌĚĞŐĞǌĞůůŝŐŚĞŝĚĞŶũĞŚƵůƉƟũĚĞŶƐŵŝũŶWŚ͘:ĞŚĞďƚŵĞǀĞĞůŐĞůĞĞƌĚ
ĞŶŝŬǌĂůĚĞŐĞǌĞůůŝŐĞĞĞƚĂǀŽŶĚĞŶŶŝĞƚǀĞƌŐĞƚĞŶƐĂŵĞŶŵĞƚ:ĞƌŽĞŶĞŶ^ ũŽĞƌĚ͘KǀĞƌ:ĞƌŽĞŶ
ŐĞƐƉƌŽŬĞŶ͕ĂůƐŝŬǌŝĞǁĂƚũŝũĂůůĞŵĂĂůĚŽĞƚĞŶǀŽŽƌĞůŬĂĂƌŬƌŝũŐƚ͕ƐƚĂŝŬĂůƟũĚǁĞĞƌƉĂĨ͘ sŽŽƌ
je lekkere lasagna en de gesprekken kom ik nog wel een keer langs!
ŶŬĞ͕ŚĞĞůĞƌŐďĞĚĂŶŬƚǀŽŽƌũĞŐĞǌĞůůŝŐŚĞŝĚ͕ůĞŬŬĞƌĞƚĂĂƌƚĞŶĞŶŚĞƚŶĂŬŝũŬĞŶǀĂŶƐƚƵŬŬĞŶǀŽŽƌ
ŵŝũŶďŽĞŬũĞ͘:ĞǌŽƌŐĚĞĞƌĂůƟũĚǀŽŽƌĚĂƚŝŬŵĞŶĂĠĠŶǀĂŶũŽƵǁƉĞƉƚĂůŬƐǁĞĞƌďĞƚĞƌǀŽĞůĚĞ͊
ŶĚǇ͕ ďĞĚĂŶŬƚǀŽŽƌĂůůĞ ůŽů͕ĚĞƐĂŵĞŶŐĞŽƌŐĂŶŝƐĞĞƌĚĞďďƋ Ɛ͛;ǁĂĂƌũŝũŚĞƚŵĞĞƐƚĞǀŽŽƌ
ŚĞďƚŐĞƌĞŐĞůĚͿĞŶĚĞǌĂŶŐƉĂƌƟũĞŶ ŝŶĚĞĐĞůŬǁĞĞŬ͘Ğ ůƵůůŝŐĞŽƉŵĞƌŬŝŶŐĞŶǌĂů ŝŬŵĂĂƌ
even vergeten… 
ůĂƵĚŝĂ͕ƚŚĂŶŬǇŽƵĂůŽƚĨŽƌǇŽƵƌŝŶƚĞƌĞƐƚ͕ƉĂƌƟĞƐ͕ĂŶĚŶŝĐĞ/ƚĂůŝĂŶĨŽŽĚ͘͞DŽ͕͟ ƚŚĂŶŬǇŽƵ
ĨŽƌǇŽƵƌŝŶƚĞƌĞƐƟŶŐƐƚŽƌŝĞƐ͕ďƵƚĂůƐŽĨŽƌǇŽƵƌĞůĞŵĞŶƚŽĨŚĂƉƉŝŶĞƐƐ͘
>ƵŬĞ͕/ƌĞĂůůǇĞŶũŽǇĞĚĂůůƚŚĞĨƵŶƚŚŝŶŐƐǁĞĚŝĚ;ŵĂŝŶůǇŽƵƚƐŝĚĞƚŚĞůĂďͿĂŶĚ/ůŝŬĞƚŚĂƚǇŽƵ
ĮŶĚŵĞĂ͟ĚŽŽƌ Ă͟ďůĞ͙
^ƚĞĞĨ͕ ũŝũŐĞĞŌŚĞƚůĂďĞĞŶďĞĞƚũĞĚĞĂƚŚĂŶĚĚĞƐƉĂŝƌŵĞĞ͕ŵĂĂƌǌĞŬĞƌŽŽŬĞĞŶŬƌŝƟƐĐŚĞ
ďůŝŬĞŶĞƌŐŇĂƵǁĞŚƵŵŽƌ͊DĂƌŬ͕ŵŝũŶŚĞůĚŝŶŶŽŽĚĂůƐŝŬǁĞĞƌĞĞŶƐŵĞƚŵŝũŶĐŽŵƉƵƚĞƌ
zat te klungelen. 
/ƌĞŶĞ͕ŚĞĞůĞƌŐďĞĚĂŶŬƚǀŽŽƌĂůůĞƐǌŽŽŶŐĞǀĞĞƌ͘ ůƐŝŬŝĞƚƐǁŝůĚĞďĞƐƚĞůůĞŶ͕ŽĨŝĞƚƐŬǁŝũƚ
ǁĂƐ͕ũĞƐƚŽŶĚĂůƟũĚŬůĂĂƌŽŵŵĞƚĞŚĞůƉĞŶĞŶĚĂƚǁĂĂƌĚĞĞƌĚĞŝŬǌĞĞƌ͘ 
Caro, Caro, bedankt voor de gezelligheid, hulp met de dieren en de voetbalwedstrijden!
dŚĞƵŶ͕ŝŬǀŽŶĚŚĞƚĂůƟũĚĞƌŐŐĞǌĞůůŝŐŵĞƚũĞĞŶŽƉĞĞŶŽĨĂŶĚĞƌĞŵĂŶŝĞƌƐƚƌĂĂůũĞĂůƟũĚ
ƌƵƐƚĞŶŬĂůŵƚĞƵŝƚ͕ŝŶŚĞƚƐŽŵƐĚƌƵŬŬĞůĂď͕ǁĂƚŝŬĞƌŐĮũŶǀŽŶĚ͘
KŵĂƌ͊ůƟũĚƉƌŽďĞƌĞŶŚĞƚďĞƐƚĞƵŝƚũĞǌĞůĨƚĞŚĂůĞŶ͊>ĞƵŬŽŵĚŝĞĞŶĞƌŐŝĞƚĞǌŝĞŶ͊
&ĞŵŬĞ >͕ ĞĚĂŶŬƚ ǀŽŽƌ ũĞ ŚƵůƉŵĞƚ ĚĞ ĐĞůŬǁĞĞŬ ĞŶ ŚĞƚ Ey ƉĂƉĞƌ͘ DĂƌůĂ͕ ŝŬ ǀĂů ŝŶ
herhaling, dus daarom maar: houdoe en bedankt! 
&ĞŵŬĞ<͕ĂůƟũĚŐĞǌĞůůŝŐĂůƐũĞĞƌǌĂƚ͕ĞŶŝŬĞǀĞŶǀůƵŐŵĞƚũĞŬŽŶŬůĞƚƐĞŶ͘^ŽǁŝĞƐŽǁŝůŝŬŽŽŬĂůůĞ
ĂŶĚĞƌĞŵĂŶĂŐĞŵĞŶƚĂƐƐŝƐƚĞŶƚĞƐďĞĚĂŶŬĞŶ͕^ ũŽĞůŝ͕ZŽƐĂŶŶĞ͕ZĂĐŚĂģů͕ďĞĚĂŶŬƚǀŽŽƌĂůůĞŚƵůƉ͊
ĂĂƌŶĂĂƐƚŵŝũŶƐƚƵĚĞŶƚĞŶůŝŶĞĞŶŚŝĞů͘ĞĚĂŶŬƚǀŽŽƌũƵůůŝĞŚƵůƉ͕ŝŬǁĞĞƚĚĂƚŚĞƚƐŽŵƐ
ĞĞŶďĞĞƚũĞŚĞĐƟƐĐŚǁĂƐ͕ŵĂĂƌŚĞƚǁĂƐĞƌŐůĞƵŬŽŵũƵůůŝĞƚĞďĞŐĞůĞŝĚĞŶ͘
KŽŬEĂƚŚĂůŝĞĞŶzǀŽŶŶĞ͕ĂůƐ ŝŶƚĞŐƌĂƟĞǀĞƌƐĂĂŶĚĞĂŶĚĞƌĞŬĂŶƚ͘ /ŬďĞŶďůŝũĚĂƚǁĞŚĞƚ
ƐŽĐŝĂůŝǌĞŶƚƵƐƐĞŶĚĞŐƌŽĞƉĞŶĞĞŶďĞĞƚũĞŚĞďďĞŶŐĞƐƟŵƵůĞĞƌĚ͊
WīĚŝƚŝƐĞĐŚƚĞĞŶ͞ĞůůĞŶ͟ůĂŶŐǀĞƌŚĂĂů͕ĚƵƐŶƵŝĞƚƐƐŶĞůůĞƌ͗
,ĞĞů ĞƌŐ ďĞĚĂŶŬƚ ĂůůĞŵĂĂů͗ :ŽƌŝƐ ;ĂůůĞƐ ŬŽŵƚ ŐŽĞĚ͊Ϳ͕ ŚƌŝƐƟĂŶĞ͕ :ŽũĂŶŶĞŬĞ͕ DŝĐŚĂĞů͕
&ĂƌĞĞďĂ͕ƌŝŬ;ϮǆͿ͕DĂƌĐĞů͕DĞůŝƐƐĂ͕EŝĞŬ͕DĂǆŝŵĞ͕^ĞůŵĂ͕DĂƌũŽůĞŝŶ͕EŝŬŝ͕ŶŝƋƵĞ͕ůũĂ͕
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&ƌĂŶƐ͕ ^ǇůǀŝĂ͕ :ŝƚƐŬĞ͕ <ƵŬŝĂƚ͕ ŶŶĞ͕ ŶŶĞDŝĞƚĞ͕ /ĚĞŬĞ͕ ĚĞ ŝŶƚĞŐƌĂƟĞǀĞƌƐ͕ŵĂĂƌ ŽŽŬ ĚĞ
ƉŚĂƌŵĂƚŽǆĞƌƐ͕ďŝŽĐŚĞŵŝĞƌƐĞŶEĞĨƌŽůŽŐŝĞƌƐ͊ůƟũĚŐĞǌĞůůŝŐŽŵŵĞƚ ũƵůůŝĞƚĞŬůĞƚƐĞŶĞŶ
overleggen!
Ook wil ik graag “de vrienden van Liz” bedanken, die inmiddels ook mijn vrienden zijn. 
ůƟũĚŐĞǌĞůůŝŐŽŵĚŝŶŐĞŶŵĞƚũƵůůŝĞƚĞĚŽĞŶ;ŽĨƚĞƋƵŝůĂƚĞĚƌŝŶŬĞŶͿ͊
>ŝĞǀĞǀĞůŝĞŶ͕zǀŽŶ͕ĞŶDĂƌůŝĞŬĞ͕ŝŬǀŝŶĚŚĞƚĂůƟũĚĞƌŐŐĞǌĞůůŝŐŽŵƐĂŵĞŶƚĞĞƚĞŶŽĨŽƉ
ƐƚĂƉƚĞŐĂĂŶĞŶŝŬǌĂůŽŶǌĞƚƌŝƉƐŶĂĂƌƵŝƚƐůĂŶĚŶŝĞƚǀĞƌŐĞƚĞŶ͊ŶŶĞ͕ũŝũǁĂƐĞĞŶ͞ůŝĞĨĚĞŽƉ
ŚĞƚĞĞƌƐƚĞŐĞǌŝĐŚƚ͟ǀƌŝĞŶĚŝŶ͘KŶǌĞŶŶĞͲůůĞŶĂǀŽŶĚĞŶŚĞďďĞŶǁĞŚĞůĂĂƐŝĞƚƐŵŝŶĚĞƌ͕ 
maar ik ben nog steeds erg blij dat ik alles met je kan bespreken en onze trip naar New 
zŽƌŬǁĂƐŽŽŬĞĐŚƚƐƵƉĞƌŐĂĂĨ͊
ůůŝƐĞŶ/ůƐĞ͕ŵŝũŶƚǁĞĞƚƌŽƵǁĞǀƌŝĞŶĚŝŶŶĞŶ͘/ŬŬĂŶĂůƟũĚďŝũũƵůůŝĞƚĞƌĞĐŚƚĂůƐĞƌŝĞƚƐŝƐĞŶ
ŝŬďĞŶŚĞĞůĞƌŐďůŝũŵĞƚũƵůůŝĞ͘sŝǀŝĂŶ͕ŵŝũŶ͞ŽƵĚƐƚĞ͟ǀƌŝĞŶĚŝŶ͊KŽŬĂůǌŝĞŶǁĞĞůŬĂĂƌŶŝĞƚ
ǌŽǀĞĞůĂůƐǀƌŽĞŐĞƌ͕ ĂůƟũĚĂůƐŝŬũĞǌŝĞŝƐŚĞƚǁĞĞƌĂůƐǀĂŶŽƵĚƐ͊
:ĞƌŽĞŶ͕ďŝũĚĞǌĞǁŝůŝŬũŽƵŽŽŬŐƌĂĂŐďĞĚĂŶŬĞŶ͘:ĞŚĞďƚŵĞƟũĚĞŶƐŵŝũŶWŚŐĞƐƚĞƵŶĚĞŶ
ĂĂŶŐĞŚŽŽƌĚĂůƐŚĞƚǁĞĞƌĞĞŶƐƚĞŐĞŶǌĂƚ͘/ŬŚĞďǀĞĞůǀĂŶũĞŐĞůĞĞƌĚĞŶŝŬǌĂůĚĞƌĞŝǌĞŶ
die we samen hebben gemaakt nooit vergeten! Ook je ouders, familie en Marc, Rik en 
Sebas, bedankt voor alles!
>ŝĞǀĞ^ũĂŶŶŝĞĞŶ,ĂŶƐ͕DĂƌŬĞŶWĞŐŐǇ͕ 'ƵƵƐ͕>ŝŶĚĂ͕/ůƐĞĞŶŶŝĞŬ͕WĞƚĞƌĞŶƐƚƌŝĚ͕ZŽǇ͕ 
EĂĚŝŶĞĞŶĞŶŝƐĞ͕DĂƌĐŽĞŶŽŶŶĂ͕dŚŝũƐ͕:ŽŽƐƚĞŶ^ƟũŶ͕,ĞŝŶĞŶtŝůůĞŵŝĞŬ͕^ĂŶŶĞĞŶ
ǀŝ͕DĂƌũĂĞŶĂƌƚ͕ƌĂŵĞŶǀĞůŝĞŶ͕:ƵĚŝƚŚĞŶ:ĂĂƉ͕:ŽƌŐĞŶ͙͍͘zĞƐ͕ĞŝŶĚĞůŝũŬĞĞŶŽĐƚŽƌ
ǀĂŶ>ŽŽŶŝŶĚĞĨĂŵŝůŝĞ͊,ĞĞůĞƌŐďĞĚĂŶŬƚĂůůĞŵĂĂůǀŽŽƌũƵůůŝĞƐƚĞƵŶ͕ŽŽŬĂůƉƌĂĂƩĞŝŬƐŽŵƐ
ǁĂƌƚĂĂůǀŽŽƌũƵůůŝĞ͘ĂŶŬǌŝũƐůĂĂƉƉĂƌƟũĞŶ͕ƚƌŝƉũĞƐĞŶƐƉĞůůĞƚũĞƐŚĞďďĞŶũƵůůŝĞŵĞŐĞŶŽĞŐ
ĂŇĞŝĚŝŶŐďĞǌŽƌŐĚ͕ŽƉĚĂƚĚŝƚďŽĞŬũĞĞƌŶƵůŝŐƚ͘/ŬďĞŶŚĞĞůƚƌŽƚƐŽƉũƵůůŝĞĂůůĞŵĂĂůĞŶŚĞĞů
ĞƌŐďůŝũĚĂƚŝŬĂůƟũĚďŝũũƵůůŝĞƚĞƌĞĐŚƚŬĂŶ͘
Lieve pap en mam, zonder jullie was dit natuurlijk allemaal nooit gelukt en ik ben dan 
ŽŽŬŽŶƚǌĞƩĞŶĚĚĂŶŬďĂĂƌĚĂƚŝŬǌƵůŬĞůŝĞǀĞŽƵĚĞƌƐŚĞď͘:ƵůůŝĞǀĞƌƚƌŽƵǁĞŶŝŶŵŝũ͕ůŝĞĨĚĞ͕
steun en kaarsjes hebben allemaal bijgedragen aan dat ik hier vandaag sta en dat ik ben 
wie ik ben. 
Liefs, 
Ellen  
 
(from now on, also known as Dr. Evil)

